Utah State University

DigitalCommons@USU
All Graduate Theses and Dissertations

Graduate Studies

8-2019

Characterization of Biofilms in a Synthetic Rhizosphere Using
Hollow Fiber Root-Mimetic Systems
Michelle Bonebrake
Utah State University

Follow this and additional works at: https://digitalcommons.usu.edu/etd
Part of the Biological Engineering Commons

Recommended Citation
Bonebrake, Michelle, "Characterization of Biofilms in a Synthetic Rhizosphere Using Hollow Fiber RootMimetic Systems" (2019). All Graduate Theses and Dissertations. 7543.
https://digitalcommons.usu.edu/etd/7543

This Thesis is brought to you for free and open access by
the Graduate Studies at DigitalCommons@USU. It has
been accepted for inclusion in All Graduate Theses and
Dissertations by an authorized administrator of
DigitalCommons@USU. For more information, please
contact digitalcommons@usu.edu.

CHARACTERIZATION OF BIOFILMS IN A SYNTHETIC RHIZOSPHERE USING
HOLLOW FIBER ROOT-MIMETIC SYSTEMS
by
Michelle Bonebrake
A thesis submitted in partial fulfillment
of the requirements for the degree
of
MASTER OF SCIENCE
in
Biological Engineering

Approved:
______________________
David W. Britt, Ph.D.
Major Professor

____________________
Elizabeth Vargis, Ph.D.
Committee Member

______________________
Astrid Jacobson, Ph.D.
Committee Member

____________________
Anne Anderson, Ph.D.
Committee Member

______________________
Richard S. Inouye. Ph.D.
Vice Provost for Graduate Studies
UTAH STATE UNIVERSITY
Logan, Utah
2019

ii

Copyright © Michelle Bonebrake 2019
All Rights Reserved

iii
ABSTRACT
Characterization of Biofilms in a Synthetic Rhizosphere Using Hollow Fiber Rootmimetic Systems
by
Michelle Bonebrake, Master of Science
Utah State University, 2019

Major Professor: Dr. David W. Britt
Department: Biological Engineering
The rhizosphere of a plant is the interface where root exudates influence root
surface-inhabiting microbes. Understanding the impact in the rhizosphere of microbial
activity, especially beneficial microbes that improve plant health, is important for
agricultural production. However, the complexity arising from the dynamic interplay
between plant host and colonizing microbes presents a significant challenge in
understanding biofilm formation and function. This thesis presents several root-mimetic
systems (RMSs), with passive and active delivery methods for artificial root exudates
(AREs) to support microbial biofilm formation. A well plate assay with fibers immersed
into the ARE was developed as a rapid screening method to examine whether biofilm
formation alters with ARE composition. A more active method of delivering nutrients to
the outside of the fiber by exudation of nutrients through the fiber pores from a lumen-fed
system was also engineered to control nutrient delivery in a manner mimicking the plant
root. The developing biofilms can be monitored in real-time and sampled by sectioning
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fibers from the RMS for ex-situ analysis with scanning electron microscopy (SEM),
atomic force microscopy (AFM), or colony forming unit (CFU) counts.
The root-mimetic systems were constructed from bleach-treated polysulfone
polyvinylpyrrolidone (PS/PVP) hollow fiber membranes (HFMs). A root colonizer,
Pseudomonas chlororaphis O6 (PcO6), was the primary microbe used in these studies, as
it is a strong biofilm former and beneficial plant microbe. ARE nutrient compositions
were varied to explore how different factors, such as the amount of carbon, nitrogen, or
phosphate in the ARE, would affect biofilm formation. The PcO6 biofilms formed on the
HFM were examined with and without exposure to different levels of nanoparticle (NP)
stress. The cell morphology and biofilm architecture were dependent on ARE
composition and NP stress. The RMSs developed in these studies provide an abiotic
surface for bacterial colonization to study biofilm formation by a root colonizing
bacterium without the complexity of the feedback from active root metabolism.

(137 pages)
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PUBLIC ABSTRACT

Characterization of Biofilms in a Synthetic Rhizosphere Using Hollow Fiber Rootmimetic Systems

Michelle Bonebrake

The area around a plant’s roots hosts a complex and diverse microbial
community. This environment can include a large number of bacteria that live on the
surface of the root and benefit from the nutrients that the roots exude into the soil. These
microbes can in turn be beneficial to the plant by protecting the roots from harmful fungi
or stressful environmental conditions such as drought. In this thesis, several root-mimetic
systems (RMSs) were developed for the study and growth of plant-beneficial bacteria in
the laboratory environment. The RMS uses a porous hollow fiber used in hemodialysis as
a surface for microbial growth. This fiber can either be draped into liquid nutrients or
nutrients can be pumped through the hollow fiber with seepage through pores in the fiber
to the outside. These systems are simple but well-controlled models of how a root would
feed a bacterial community. The RMSs can be used to study how bacteria receiving
nutrients through the RMS react to external factors, and if the bacterial response varies
with nutrients received through the fiber. One such application is to study how plant
colonizing microbes react to stressors like nanoparticle technology, a growing part of the
fertilizer industry.
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Several different commercial hollow fiber membranes were explored as possible
surfaces for microbe attachment. A synthetic polysulfone / polyvinylpyrrolidone hollow
fiber membrane, treated with bleach to change the surface properties, was found to be a
favorable surface for attachment of the beneficial root-colonizing microbe Pseudomonas
chlororaphis O6 (PcO6). In addition to hollow fiber membrane chemistry, the nutrient
composition delivered to the bacteria strongly influenced surface colonization and
biofilm formation. Thus, using the hollow fiber root model, bacteria can be studied with
respect to their responses to changes in nutrient composition as well as their response to
stressors such as nanoparticles. Contrasted with studying bacteria on a living root, the
model systems developed in this thesis allow microbes to be investigated without the
added complexity of unknown variations in the nutrients that the roots pump into the soil.
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CHAPTER 1
INTRODUCTION
1.0 Plant and Microbe Interactions
Plants have coevolved with soil microbes which can contribute multiple benefits,
such as enhanced photosynthetic efficiency, nutrient and water use, and tolerance to
abiotic and biotic stress.1 The microbial influence in the rhizosphere has been known
since the early twentieth century, and beneficial bacteria are increasingly investigated and
employed in crop production to sustain agricultural outputs, reduce agro-chemical
applications, and to keep crop production at a pace required for growing demands.2, 3 The
plant root attracts soil bacteria through chemotactic recognition of metabolites, a process
that allows bacteria to actively migrate towards plant roots.4 Chemotaxis signaling
enables motile soil bacteria to sense and respond to gradients of chemical compounds
released by plant roots.5 The nutrients released by plants roots, known as root exudates,
are used for microbial metabolism in the rhizosphere.6 The rhizosphere of the plant is the
region of soil directly surrounding the plant roots, and is impacted by the plant as well as
the associated biota.7 The plant-bacteria relationship is a continuous feedback loop,
which is mutually beneficial and inseparable, as the multitude of external factors that
directly influence one will likely influence the other.8
Microorganisms found in the rhizosphere can interact with plants in several ways.
Bacteria can aid with the decomposition process, making nutrients more available for
root uptake as well as root-associated mycorrhizal fungi.9 Rhizosphere microbes can also
promote plant growth via hormonal signaling, protect the plant against opportunistic
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pathogens such as other microbes or fungi, and increase the bioavailability of nutrients.10,
11, 12

It is estimated that upwards of 20,000 plant species are completely dependent on

their microbial partners for growth and survival, with nitrogen-fixing symbionts being the
most well-known example.13
Plants select for and influence the growth of their microorganism partners through
root exudation.14 Plants impact local microbial growth through several factors, including
nutrients output, root mucilage production, release of border cells which microbes
consume, and changes in pH gradients near the roots.3 Figure 1.1 shows a schematic
overview, adapted from Lareen (2016), of some of the interactions between plants,
microbes, the environment, and other factors that can be found in the surrounding
rhizosphere and soil.15 Evolutionarily, microbes existed before plants, and thus plants
evolved in the presence of microbes. The relationship is symbiotic, as the microbes
benefit from the output of the plant’s roots and employ the root surface as a foundation
on which to form a biofilm; in turn, the biofilm can act as a second skin, protecting the
root from phytopathogens as well as stimulating plant growth and production.16 Biofilms
may also provide a reserve of nutrients and water that can help with survival and growth
under external stress.

3

Figure 1.1. Schematic overview of interactions between plants, microbes, and the
surrounding environment. Adapted from Lareen (2016).

2.0 Biofilm
As mentioned in the previous section, the plant root provides a favorable surface
for bacterial colonization and biofilm formation. A biofilm is a multicellular community
characterized by an enveloping extracellular matrix produced by the colony. A biofilm
differs from a bacterial lawn, which is most frequently used to describe colonies formed
when culturing bacteria on an agar hydrogel in a growth plate. Biofilms, in contrast, in
the environment are generally mixed species microbial communities with individuals
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within the biofilm assuming differing roles.17 Biofilms also generally produce larger
amounts of extracellular structural matrix, in comparison to a bacterial lawn. In general,
bacterial lawns are restricted to describing colonies grown on a solid surface of nutrients
contained in Petri dishes in a laboratory setting, whereas biofilms describe sessile
microbial communities in natural environments.18 While considerable microbiology
research has focused on planktonic, or free-swimming bacteria, most bacteria found in
natural settings exist associated with surfaces.19 Growth of microbes in the environment
is mainly as biofilms, whereas much laboratory research has centered on planktonic
bacteria.20 The microbial cells are held within biofilms by a matrix of extracellular
polymeric substance (EPS). The biopolymers in EPS consist of polysaccharides, proteins,
and nucleic acids, which serve to embed the microbial cells inside the biofilm.11
The process of biofilm formation can be summarized in five steps depicted in
Figure 1.2. Planktonic cells have flagella that allow them to move in solution, following
chemotactic gradients or other stimuli. As these cells encounter a surface, they can attach
using pili or other adhesive structures. Once these cells have attached to a surface and
nutrients are available, they reproduce and form colonies.22 Many of the cells in these
colonies lose their flagella while living in this surface-associated lifestyle.23 Microbial
cells can sense their relative numbers through production of quorum sensing molecules
such as acyl homoserine lactones and, for Pseudomonas aeruginosa, quinolone signal.
Once these quorum sensing molecules are in a high enough concentration, the colony will
start to produce the biofilm through cell division and production of the embedding
matrix, EPS.24 The mature biofilm contains cells at different growth phases, metabolic
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states, including sleeper cells, thus forming a complex society where cells adopt different
functions.25 As the biofilm matures, some of the bacterial cells are released as motile
cells, allowing for propagation and colonization of new sites .26 On a plant root,
propagation may include re-colonization of the same root, with colonies maintained by
nutrients in the form of root exudates. The composition and release for these root
exudates vary temporally and spatially during the development of the root.27

Figure 1.2. Process of bacteria attachment and biofilm formation. 1) Planktonic cells in
soil waters and on soil particles are attracted to the root through chemotaxis, though roots
are also colonized by naturally infected seeds. 2) Once the bacteria come into contact
with the root surface, they attach. 3) The attached cells reproduce using nutrients in the
exudates, and become embedded in EPS to form small colonies. 4) The biofilm grows to
a large community with differences in individual cell function. 5) The mature biofilm
releases cells that are motile.
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Bacteria in a biofilm can be difficult to study, due to the complexity of the biofilm
structure and challenges in quantifying the number of bacteria. When trying to quantify
the number of cells in a liquid culture, optical density is a simple and common method.
However, optical density requires high enough cell densities to provide visible turbidity,
and all cells in a culture are counted, including dead cells.28 Identifying the number of
colony forming units (CFUs) in a biofilm requires releasing the biofilm from the surface
into liquid, followed by plate dilutions to determine CFUs by plating, thus providing
information about the culturability of cells within a culture, but no information about the
dead cells or viable non-culturable cells.29 Both of these methods are adapted from
planktonic culture methods and are thus limited when applying to biofilms. Live/dead
stains and dyes that stain the components of the EPS layer, such as polysaccharides and
extracellular DNA, can be used to detect a biofilm.30 High-resolution imaging techniques
such as scanning electron microscopy (SEM) allow one to observe biofilm details and
assess differences in biofilm morphology.31 Figure 1.3 illustrates the ability of the SEM
to show differences in biofilm morphology with two bacteria associated with wheat roots,
and stress by nanoparticles (NP).
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Figure 1.3. Microbial biofilms on wheat root surfaces: A. Control root has a bare surface;
B. Aggregates of CuO NPs visible among root hairs (arrows) on control root; C. Bacillus
subtilis (Bs309) biofilm on a seed radicle surface; D. Pseudomonas chlororaphis (PcO6)
biofilm on root surface; E. CuO NPs coated and enmeshed in PcO6 biofilm; and F. PcO6
cells visible under a thin mesh of EPS on a root hair. All seedlings were grown 7 d from
surface sterilized seeds +/- indicated inoculations. EDS analysis (not shown) suggests the
NPs are Cu. Images courtesy of Dr. Astrid Jacobson, reproduced from NSF project
1705874, 2017-2020.

3.0 Systems Used to Culture Rhizosphere Microbes
Several methods have been explored for culturing and analyzing rhizosphere
microbes in controlled environments that model basic elements of the rhizosphere. One
such system was a stage developed by Ziegler et al. (2013), in which thin agarose films
containing artificial root exudates (AREs) were deposited on glass slides.32 When placed
in soil, the bacteria that could metabolize the AREs were detected through colony
development.32 Another method from Watkins et al. (2009) involved construction of a
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continuous ARE-delivery artificial root consisting of a rolled filter paper wick that
delivers nutrients into soil samples.33 Changes in soil microbial composition as a function
of carbon loading and distance from the wick were examined. This method has also been
used to augment the rhizosphere with AREs to assess the role of specific metabolites,
such as 8-hydroxyquinoline, a potential allelochemical from knapweed, on microbial
community composition in native soil.33 However, the filter paper wicks are conduits to
deliver AREs into the soil, and as such, are not actual root-mimetics for assessing biofilm
formation and response to ARE changes and/or external challenges. Other methods
include the isolation chip, or Ichip, as described in Nichols et al. (2010).34 This system
used membrane covered diffusion chambers with the aim of growing bacteria that live in
the soil, but which are “non-culturable” bacteria on laboratory medium. The enclosed but
permeable chambers could be reintroduced into soils to provide conditions to allow
replication of the non-culturable isolates. An Ichip with hundreds of diffusion chambers
has successfully allowed growth of cells non-culturable on laboratory media.34 Another
method by Pearce et al. (2000) utilized a hollow fiber membrane (HFM) to deliver AREs
into a growth matrix such as sand.35 The system was used to study the influence substrate
concentration had on plasmid transfer between bacteria, highlighting how plant root
exudates influence horizontal gene transfer in microbes.35 Figure 1.4 summarizes the four
systems mentioned and illustrates a simplified concept of each method of cultivating soil
microbes by providing them with the necessary factors (or a subset thereof) for bacterial
growth and colony formation. These studies primarily identify the microbes in the soil or
the rhizosphere, and do not focus on biofilm structure.
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Figure 1.4. Diagrams of previous methods of cultivating microbes found in soil
environments.

4.0 Root Exudates
The dynamic interplay between a plant host and an associated biofilm community
is a complex process involving many pathways. The nutrients that a plant releases are
dependent on a multitude of factors such as plant species, age of plant, soil composition,
or even the daylight/night regime or photoperiod.36 The rate of exudation can also vary
drastically with temperature, season, time of day, plant species, nutrient availability in the
soil, other species of plants or bacteria present in the area, and age of the plant.37, 38, 39
The complexity and dynamic processes can make it difficult to study biofilm formed on
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roots. Changing one point in the feedback loop can lead to a cascade of effects that are
difficult to track. Understanding biofilms in the rhizosphere requires systematic removal
of pathways and processes that are present within the natural system.
Plant metabolites that are released into the rhizosphere allow for microbial growth
and metabolism that returns improved plant performance.40, 41, 42 The plant releases
simple carbohydrates, such as glucose, maltose, and rhamnose, and each are possible
carbon sources for the roots’ colonizing beneficial microbes. In addition, charged
oligosaccharides, amino acids and low molecular weight organic acids (LMWOAs) are of
interest due to their metal chelating abilities.43, 44 The presence of these compounds can
change the bioavailability of metals such as Cu and Zn. Table 1.1 shows a summary of
changes in metabolites with Cu chelating activity in root exudates of wheat seedlings
grown with exposure to CuO NPs.45, 46
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Table 1.1. Changes in rhizosphere metabolites with Cu-complexing potential when wheat
is grown with CuO NPs. Adapted from McManus et al. (2018).45, 46
CuO
NPs
malate
mg
mg/L
Cu/kg

citrate
mg/L

glycine
mg/L

phenylalanine
mg/L

arginine
mg/L

DMA
mg/L

10

28.8±7.9

11.2±3.3

0.070±0.04 0.40±0.36 0.40±0.04 0.57±0.14

30

34.8±4.6

18.5±5.1

0.25±0.08

0.23±0.05 0.38±0.05 0.77±0.07

100

53.6±7.6

36.6±5.7

0.92±0.74

0.80±0.34 0.33±0.13 1.80±0.20

200

71.1±18.6 48.1±15.0 1.88±1.4

1.14±0.46 0.50±0.09 3.26±0.86

300

67.7±28.8 40.8±17.2 1.49±0.22

1.36±0.15 1.56±0.5

3.94±0.96

5.0 Thesis Overview
The aim of this thesis research was to construct several root-mimetic systems
(RMSs) to monitor biofilm formation and growth as a function of:
i) artificial root exudate (ARE) composition,
ii) the method of ARE delivery,
iii) the bacterial species being cultivated, and
iv) material properties of the surface onto which the bacterial cells attach.
An RMS is a method for cultivating soil microbes in a synthetic environment in
order to better understand how the microbial biofilm formation responds to controlled
inputs. A hollow fiber membrane is used as a synthetic root where the outside surface
mimics the root surface, with nutrients being released through the hollow inner fiber.
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This root-mimetic system allows rhizosphere microbes to grow in a controlled laboratory
environment without the complexities that arise from the dynamic interplay of the plant
host and the colonizing microbe feedback loop. Several RMSs were designed and
evaluated 1) for their effectiveness in providing a hollow fiber membrane (HFM) surface
as an abiotic mimic of a root surface that allows for microbe biofilm growth, 2) for
nutrient content and their effectiveness at nutrient delivery, 3) to determine if the system
can be utilized to demonstrate the difference in biofilm proliferation and architecture as a
function of nutrient content and method of delivery, and 4) to assess the effect of metal
oxide NP stressors on the biofilm development.
Each chapter outlines a different set of experiments used in the design process of
the RMS. Figure 1.5 demonstrates different properties of two-root colonizing microbes
selected for study. These two microbes are Pseudomonas chlororaphis O6 (PcO6) and
Bacillus subtilis, strain Bs309. Studies of their biofilm forming potential are described in
Chapter 2. Figure 1.6 outlines different factors in a root biofilm system, compares them
to a designed RMS, and outlines the pertinent sections in the thesis.
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Bacillus subtilis 309
• Gram-positive
• Rod
• 0.25-1 by 4-10 microns
• Produces endospores
• Endophyte, lives inside of the
plant seed
• Isolated from wheat

Pseudomonas chlororaphis O6
• Gram-negative
• Rod
• 0.5-1 by 1.5-5 microns
• Produces phenazines
• Epiphytic, colonizes the outside
of the root
• Isolated from wheat

Figure 1.5. The two bacterial species used in studies of biofilm formation with RMSs,
Bacillus subtilis isolate 309 (Bs309) and Pseudomonas chlororaphis isolate O6 (PcO6).
Isolates were from wheat: PcO6 colonizes only the root surface, whereas Bs309 is a root
and shoot surface colonizer as well as an endophyte. Images obtained by atomic force
microscopy are shown. The cells had been grown on LB for 48 h to generate confluent
lawns.

Studies discussed in Chapter 2 revealed the effect of several different HFM
chemistries: polysulfone polyvinylpyrrolidone (PS/PVP), pure polysulfone (PS), and
cellulose diacetate (CD). Effects of bleach treatment of the PS/PVP membranes to reduce
the amount of PVP in the fiber were examined.47 The resulting fiber was more porous
surface and therefore presented a different surface chemistry. Studies reported in Chapter
2 also explored the effect of changes in ARE composition on biofilm morphology.
Nanoparticle (NP) stressors of ZnO and CuO were used to test whether the RMS would
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allow detection of the effects of NPs on the biofilm’s resilience. Chapter 3 discusses
further experimentation with ARE composition based on root exudate composition.
Chapter 4 reports on changes in the physical design and layout of the RMS such that the
nutrients were supplied only through the lumen of the HFM. Here PcO6 biofilm grew
outside of the fiber, while nutrients slowly exuded from the lumen of the RMS,
mimicking the exudation of plant roots to feed a colonizing community of microbes on
the root surface. While each chapter focuses on different parts and design functions of the
RMS, the whole design of the RMS is considered while looking into each individual
study.

Figure 1.6. Design process outline for the RMS
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Figure 1.7. Biofilm formation on a root compared to an RMS developed in these studies.
Each chapter of the thesis discusses different aspects of modeling the rhizosphere
environment. Chapter 2 discusses the bacteria species, the HFM surface, and the root
exudates or nutrients. Chapter 3 continues the discussion on AREs. Chapter 4 focuses on
the differences on how the nutrients are delivered to the biofilm community.
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CHAPTER 2
BIOFILMS BENEFITING PLANTS EXPOSED TO ZnO AND CuO NPS STUDIED
WITH A ROOT-MIMETIC HOLLOW FIBER MEMBRANE
This chapter, with slight modifications, is published with the following citation:
Bonebrake, M.; Anderson, K.; Valiente, J.; Jacobson, A.; McLean, J.; Anderson, A.;
Britt, D. Biofilms benefiting plants exposed to ZnO and CuO nanoparticles
studied with a root-mimetic hollow fiber membrane. Journal of Agricultural and
Food Chemistry. 2017. DOI: 10.1021/acs.jafc.7b02524.
Abstract
Plants exist with a consortium of microbes that influence plant health, including
responses to biotic and abiotic stress. While nanoparticle (NP) – plant interactions are
increasingly studied, the effect of NPs on the plant microbiome is less researched. Here a
root-mimetic hollow fiber membrane (HFM) is presented for generating biofilms of
plant-associated microbes nurtured by artificial root exudates (AREs) to correlate exudate
composition with biofilm formation and response to NPs. Two microbial isolates from
field-grown wheat, a bacillus endophyte and a pseudomonad root surface colonizer, were
examined on HFMs fed with AREs varying in Nitrogen and Carbon composition.
Bacterial morphology and biofilm architecture were characterized using SEM and AFM,
and responses to CuO and ZnO NP challenges of 300 mg / L evaluated. The bacillus
isolate sparsely colonized the HFM. In contrast, the pseudomonad formed robust biofilms
within 3 d. Dependent on nutrient sources, the biofilm cells produced extensive
extracellular polymeric substances (EPS) and cells displayed large intracellular granules.
Pseudomonad biofilms were minimally affected by ZnO NPs. CuO NPs, when introduced
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before biofilm maturation, strongly reduced biofilm formation. The findings demonstrate
the utility of the HFM root-mimetic to study rhizoexudate influence on biofilms of rootcolonizing microbes, but without active plant metabolism. The results will allow better
understanding of how microbe-rhizoexudate-NP interactions affect microbial and plant
health.
1.0 Introduction
Plants have co-evolved with soil microbes, forming a complex inter-kingdom
relationship that helps each survive in the face of numerous abiotic and biotic stressors.1,
2

. Endophytic microbes, initially existing within the seeds, may provide seedlings with a

microbiome that becomes complimented by exogenous microbes from the environment.
Microbial populations are higher in the root zone through the secretions of metabolites by
root cells, the process of rhizoexudation, and the release of border cells from the root
cap.3 The resulting boundary layer, the rhizosphere, is richer in sugars, amino acids,
organic acids, and other secondary metabolites than the soil pore water. 4,5 Depending on
plant species, developmental stage, and environmental conditions, plants may release as
high as 40 % of the total carbon fixed through photosynthesis in root exudates.6,7 The
actual input of C into the soil as exudates is uncertain, but this enrichment of the organic
content of the rhizosphere establishes a microcosm with composition and functions that
are influenced by the plant.2,8 Bacterial colonization of roots, through biofilm formation,
is one of the consequences.9,10
This is not, however, a one-way relationship. The plant microbiome influences
plant health through a variety of mechanisms that provide protection against biotic and
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abiotic stress.11, 12 Beneficial microbes, such as the bacterial root colonizer, Pseudomonas
chlororaphis O6 (PcO6), produce antimicrobials that aid in protection against
pathogens.13 Other metabolites modulate plant functions, including closure of stomates
by the volatile butanediol, a process contributing to drought protection.14 Also, iron in the
rhizosphere is routed to the bacteria and plant, but can be restricted from pathogenic
microbes, through microbial secretion of highly effective, metal-chelating
siderophores.15,16 This feedback loop between bacteria and plant is mutually beneficial.
Thus, the multitude of external factors that directly influence one will influence the other,
likely through indirect pathways.
It is becoming increasingly recognized that maintaining, and even augmenting,
the plant microbiome will be necessary for sustainable agricultural output to keep pace
with growing demand.17,18 To further optimize agricultural output, next generation
fertilizers and pesticides are being explored, with targeted and timed delivery through
nanoformulations.19 Some of the fertilizer applications may supply the nutrients directly,
whereas others may be indirect. For instance, applications of TiO2 or Fe3O4 NPs may
enhance P supply through acidification of the rhizosphere caused by NP challenge.20
Another mechanism associated with ZnO NP treatments that increase plant P involves
stimulation of phosphatase activity in microbes through Zn release from dissolution of
the NPs, the resulting Zn phosphate acting as a source of P.21 As these formulations are
developed, model systems for studying rhizosphere processes are required to assess the
interplay between the root, beneficial microbes, and external agents such as NPs, as
illustrated in Figure 2.1.
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Figure 2.1. NP effects on bacterial biofilm and plant root functions. NPs arriving at the
microbially-colonized root may directly adsorb to / enter the root (1) and bacteria (2).
NP-microbe interactions alter colonization, metabolite production, biofilm formation, and
architecture (3). NP-root interactions influence root metabolite production and exudation
(4). In turn, NP remodeling and biocoating may result, potentially altering NP bioactivity
(5, 6). Not depicted: Endophytic microbes within the root tissues, NP-released ions, and
components from soil pore waters that will influence NP fate and bioavailability.

Hydroponic growth of plants affords a detailed focus on the NP-plant interactions,
revealing the uptake and translocation of NPs. For instance, CuO NPs travel through
maize roots, into foliar tissues, and return to the roots.22 Thus, hydroponic systems
provide key insights in terms of NP fate and translocation and plant cell responses under
model conditions. Studies of NP influence on root-colonizing microbes also often take a
similar reductionist approach, investigating NP-microbe interactions with planktonic
microbes.23,24 Findings relevant to toxicity of distinct classes of engineered NPs are
gained. However, bacteria associated with the rhizosphere exist not only as planktonic
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cells, but are embedded in a matrix termed the biofilm. Biofilm growth confers resistance
to many environmental challenges, such as antibiotics.25 It also provides the microbes
direct access to the rhizoexudates and, in return, bacterial metabolites are concentrated in
the root zone, intensifying their influence on the plant or other rhizosphere organisms.
Thus, studies under conditions of hydroponic plant growth or with planktonic cells do not
duplicate the environment of the rhizosphere as established in agricultural soils.
To study the influence of root exudates on soil microbial communities, rootmodels have been developed to focus on the biofilm lifestyle of rhizosphere microbes.
Root-colonizing bacteria such as PcO6 form biofilms on synthetic surfaces, including
polystyrene well plates in several media.26 In contrast, a plant-beneficial Burkholderia
isolate from sugar cane only forms biofilms in well plates containing growth medium
amended with metabolites prepared from macerated sugarcane roots.27 An in-situ
platform functioning as a root-mimetic was developed by Ziegler et al. (2013), in which
thin agar films containing artificial root exudates (AREs) are deposited on glass slides,
that when placed in soil allow bacteria that metabolize the AREs to be detected.28 A
continuous ARE-delivery artificial root was developed in which a rolled filter paper wick
delivers nutrients into soil samples, to assess changes in soil microbial composition as a
function of carbon loading and distance from the wick. This method has also been used to
augment the rhizosphere with AREs, to assess the role of specific metabolites, such as 8hydroxyquinoline, a potential allelochemical from knapweed, on microbial community
composition in native soil.29 The filter paper wicks are conduits to deliver AREs into the
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soil, and as such, are not actual root-mimetics for assessing biofilm formation and
response to ARE changes and/or external challenges.
Here, we employ hollow fiber membranes (HFM) as root-mimetics for assessing
biofilm growth as a function of ARE composition and NP challenges. NP interactions
with root-colonizing microbes on living roots are complex, given that the response of the
root to the NP challenge (whether directly, or through NP-induced alteration in
rhizosphere metabolite production) convolutes the situation, as depicted in Figure 2.1.
Surface-sterilization of seeds and planting into sterilized growth matrix such as sand are
employed to study the NP-plant interactions without bacterial contributions. However, to
study the root-colonizing microbe as a biofilm, without influence from active plant
metabolism, a model system such as a hemodialysis hollow fiber membrane (HFM), can
be used to deliver isolated root exudates, or ARE, either through the lumen, or externally.
HFMs, developed for dialysis and ultrafiltration, can be applied as bio-inert surfaces for
culturing biofilms. Microbial trapping within HFMs has been used to stimulate growth of
“unculturable” bacteria by reintroduction into soils, where the soil pore waters carrying
the nutrients flow across the fiber walls to stimulate growth.30 This system can be placed
in the rhizosphere where it functions as a permeable-selective cell encapsulation platform
for cell culture, as an in-situ HFM bioreactor.
The high-flux PS/PVP HFM fiber is evaluated here as root-mimetic where
microbes colonize the outer surface, allowing for facile analysis of soil microbe biofilm
formation as a function of ARE composition, and in response to external challenges of
engineered NPs. We have previously established that P. chlororaphis O6 (PcO6)
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colonizes the root surfaces of seedlings at densities that are not impaired by growth in
sand amended with CuO or ZnO NPs,31,32 and we attribute their survival to the formation
of the protectant biofilms on the root surface. Isolates of Bacillus subtilis are strong
biofilm formers and also have biocontrol activity for the plant.33 The B. subtilis
endophyte used in these studies, designated as Bs309, was from the interior of surfacesterilized commercial wheat seeds. Distinct biofilm forming abilities of the two microbes
on the HFMs are demonstrated and correlations between ARE composition, biofilm
architecture, and cell morphologies are observed. Challenges of CuO or ZnO NPs
delivered at different time points reveal differential impacts on bacterial cell morphology
and biofilm formation.
2.0 Materials and Methods
2.1 Hollow Fiber Membranes
HFMs of PS/PVP, PS, and cellulose diacetate (CD) were obtained from Fresenius
Medical Care North America, Ogden, UT. Bleach-treated PS/PVP HFMs were prepared
in 0.57 % sodium hypochlorite at 70 °C for 2 min and rinsed 3x in double distilled water.
The bleach-treatment is a facile means to reduce the PVP content of the fiber, creating a
membrane whose properties can be tuned between those of PS/PVP and pure PS.34 The
HFMs have lumen diameters < 200 µm and wall thickness < 50 µm, and molecular
weight (MW) cutoff < 60 kD.
2.2 Artificial Root Exudate (ARE) Formulations
All the chemicals used were of analytical grade and were obtained from either
Sigma-Aldrich or Fisher Scientific. Five different media recipes were utilized as AREs to

27
deliver nutrients to the bacteria: Luria Broth, LB, (ARE A); minimal medium (ARE B);
ARE B with glycine, ARE B(+Gly); ARE B with additional citrate, ARE B(+Cit); and
ARE B with glycine and additional citrate ARE B(+Gly+Cit). Specific ARE recipes can
be found in Tables 2.1 and 2.2 or in Appendix B as Table B.1 and Table B.2. ARE A and
ARE B both support PcO6 biofilm formation.26

Table 2.1. Luria Broth (LB) Medium (ARE A).
Compound

Concentration (g/L)

Tryptone

10

Yeast extract

5

Table 2.2. Minimal Medium (ARE B) and Variations

Compound

ARE Compound Concentration (g/L)
B

B(+Cit) B(+Gly) B(+Gly+Cit)

K2HPO4

10.5

10.5

10.5

10.5

KH2PO4

4.5

4.5

4.5

4.5

Na*Citrate*2H2O

0.5

1

0.5

1

1

1

1

1

0.125

0.125

0.125

(NH4)2SO4

MgSO4 Anhydrous 0.125
Sucrose

2

2

2

2

Glycine

0

0

0.37

0.37
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2.3 Nanoparticle Source
Commercially available CuO (nominal particle size <50 nm) and ZnO (<100 nm)
(Sigma-Aldrich Co.) powders were used in this study and have been previously
characterized in 2012 for size and elemental purity.15 The NP powders were protected
from light and used as-received, without further characterization prior to use. NP size and
morphology observed here with SEM are consistent with prior characterization. NP
solutions of 2.1 mg metal/mL in double distilled deionized (DDI) water were vortex
mixed and placed in a sonication bath for 5 min just before use. Figure 2.2 shows SEM
images of both CuO and ZnO NPs.
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(A)

(B)

Figure 2.2. CuO (A) and ZnO (B) NP high resolution SEM characterization

2.4 Wheat growth
Wheat, cultivar Dolores, was grown in a sterile sand matrix, as previously
described.31,32 Fresh wheat roots from 7 d-seedlings grown in sand were carefully
extracted from the sand, rinsed in sterile DDI water, and mounted on glass slides for
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AFM and optical microscopy analysis. For SEM imaging samples were chemically fixed
in methanol, critical point dried, and mounted on copper tape.
2.5 Microbial Growth
Bacterial cultures (PcO6 and Bs309) were maintained as frozen stocks at -80 ℃ in

15 % sterile glycerol. To obtain inoculum, cells from the thawed freezer stocks were

inoculated into either ARE A or B and grown for 24 h or 48 h in darkness at 22 ℃ with
shaking at 150 rpm in a Series 25 Incubator Shaker (New Brunswick Scientific Co.,
Edison, NJ).
2.6 Biofilm Development and Nanoparticle Challenges
Biofilm generation on the outside of the HFMs was assessed by draping fibers
into the wells of a 12-well plate (Nunclon Delta Surface, Fisher Scientific Co.) and
affixing the free ends to the top of the plate. AREs were added to the wells (3 mL/well)
followed by 2 µL of inoculum containing 1×106 cells and incubated at 22 ℃ at 150 rpm.

Freshly prepared NP stock solutions were vortex mixed for 5 min then added, either at

the same time as the inoculum (0 h) or 3 d after inoculation, to select wells containing the
HFMs with biofilms for a final concentration of 300 mg metal/L ARE. In-situ biofilm
formation supported by wicking ARE through the fiber lumen was observed by AFM
imaging. Figure 2.3 shows a schematic of biofilm development under different NP
challenges.
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Figure 2.3. Biofilm development under different NP challenges.

2.7 Analysis of Bacterial Growth
Serial dilutions were made of the planktonic cell cultures in the well plates using
sterile DDI water and samples plated on LB plates with a 2 % agar content. After 2 d
growth at room temperature, colonies were counted, and CFU/mL determined. For
biofilm CFUs the HFMs were harvested at 4 d, gently rinsed twice by immersion into
sterile DDI water for 15 s. A 1 cm section of the HFM was cut and transferred to a bullet
tube containing 1 mL of sterile DDI water and vortexed for 30 s at 1800 rpm (Fisher
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Scientific). Serial dilutions of the cells released from the HFM were made and plated
onto LB agar to determine CFU/cm HFM.
2.8 Assessment of Biofilm Cell Density
Biofilm evolution was measured on HFMs cultured in ARE B for 6 d with
sampling every 24 h. The influence of ARE C and N content was determined for HFMs
cultured for 4 d in ARE B, ARE B (+Gly), ARE B (+Cit), ARE B(+Gly+Cit). CFUs were
determined as described above.
2.9 Contact Angle Analysis
The hydrophobicity of the surfaces of native HFM, ARE B conditioned HFMs,
and 6 d wheat roots were characterized by water contact angle analysis using a VCAOptima-XE surface analysis system (AST Instruments, Bakersfield, CA). DDI water
droplets (0.25 μL, n = 20) were deposited on flattened HFM fibers or fresh roots affixed
to glass slides with double-sided tape.
2.10 SEM and EDS Analyses
SEM was performed with a FEI Quanta FEG 650 equipped with an Oxford XMax energy dispersive X-ray spectroscope (EDS) housed in the Microscopy Core
Facility at Utah State University. Samples were imaged under fixed and unfixed
conditions between 0.3–0.5 torr (low vacuum) with 10–14 kV accelerating potential
without conductive coatings. Unfixed samples were rinsed twice by submersion in sterile
DDI water and dried over two days at ambient conditions in covered Petri dishes. For
fixation, rinsed samples were submerged in anhydrous methanol for 10 min, transferred
into anhydrous ethanol twice for 30 min before immediate transfer for critical point
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dehydration with liquid CO2 using a Tousimis Autosamdri 931 supercritical point drying
apparatus.
2.11 AFM Imaging
Samples were imaged using a Digital Instruments Bioscope NSIIIa AFM in
tapping mode with a Budget Sensors BSTap300 Al-coated cantilever. Bacterial lawn
controls were prepared by scraping colonies from agar growth plates onto glass slides,
followed by immediate imaging. Real-time imaging of biofilm development on the HFM
was recorded while wicking ARE through the fiber lumen.
2.12 Statistical Analysis
All samples were replicated at least three times, and data are reported as means
with standard deviation. A two-way ANOVA test with pairwise comparisons of treatment
groups using REGWQ was performed on all well plate assay experiment data using the
statistical program, SAS University Edition.
3.0 Results and Discussion
3.1 Rhizoexudates and Bacterial Growth
Rhizoexudation is the key process feeding soil microbes and promoting microbial
root colonization. Exudate released from a fresh wheat root harvested at 7 d after planting
in a sand growth matrix is visualized as a viscous deposit released from the root onto the
glass slide (Figure 2.4.A); high resolution AFM analysis of the root reveals a layer of
exudates covering the root surface that obscures cell wall structure (Figure 2.2.B). These
exudates provide carbon and nitrogen sources that promote microbial growth, as has been
demonstrated for the beneficial pseudomonad, PcO6.24 The extensive colonization of a
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root from a PcO6-inoculated wheat seed grown in sand and transferred to an LB growth
plate is shown in Figure 2.5.A. Colonies exhibit a characteristic orange color due to
production of phenazines from PcO6 cells.13 SEM analysis of the root hair zone reveals
thick and layered biofilms. In some regions, copious extracellular polymeric substance
(EPS) is produced, obscuring the bacterial cells (Figure 2.5.B). On root hairs, individual
cells are observed (Figure 2.5.C), attached as a microcolony enmeshed in a thin EPS
layer. PcO6 is an aggressive and beneficial root colonizer, outcompeting other microbes
on the root surface. The endophyte, isolate Bs309 (Figure 2.5.D) also forms biofilms on
the surface of the germinating root, the radicle (Figure 2.5.E), as well as root hairs
(Figure 2.5.F). Both microbes are investigated here for colonization potential of the
proposed root-mimetic, in order to understand responses in the biofilm to artificial root
exudate (ARE) composition as well as abiotic stress of NPs without contributions from
active plant metabolism. Thus, these rhizobacteria form a patchy, heterogeneous biofilm
along the root surface (Figure 2.5.C, 2.5.F), colonizing intersections formed by lateral
roots as well as the grooves formed where cells meet. Surface topography cues are
evident in the microbial colonization observed in Figure 2.5.F, where Bs309 cells align
along the length of a hydrated root hair. Differences in exudation and water content are
also observed between lateral roots and root hairs21, which contribute to a heterogeneous
distribution of microbes in the rhizosphere.
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Figure 2.4. Rhizoexudation from wheat. Brightfield (A) and AFM (B) images of wheat
root exudate produced near root tip. Root harvested from 7 d-old wheat seedlings grown
in a sand growth matrix.

Figure 2.5. Bacterial colonization of wheat roots. (A) PcO6 colony formation from
inoculated wheat seedling on an ARE A (LB) growth plate. (B) SEM images of a PcO6
on the wheat root, and (C) a root hair. (D) Bs309 endophyte emerging from a wheat seed
on ARE A agar growth plate. (E) SEM image of Bs309 biofilm on the radicle. (F) AFM
image of a root hair on a 7 d-old wheat seedling root showing Bs309 colonies. Samples
fixed in methanol and critical point dried for SEM. AFM imaging of unfixed, hydrated
sample.
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3.2 The Hollow Fiber Membrane as a Root-mimetic
SEM images of the four fiber types are shown in Figure 2.6, where it is noted that
the PS/PVP and bleached PS/PVP surfaces are similar (Figure 2.6.A and 2.6.B),
exhibiting pores, or “macrovoids” that form the outer surface of the HFM. Compared to
the PS/PVP and bleached PS/PVP, the pure PS HFM exhibits greater relief in the form of
thin (< 1 µm) tendrils extending from the surface (Figure 2.6.C, inset). The CD fiber
exhibits a relatively uniform surface (Figure 2.6.D), devoid of any visible pores. The
measured macrovoid diameters on the PS/PVP (native and bleached) and PS fibers are
similar in size (Table I.1) to the lengths (1-2 µm) of the PcO6 and Bs309 bacterial cells.
Figure 2.7 shows PcO6 and Bs309 cells adherent to the outermost surfaces of the
bleached PS/PVP HFM.

Figure 2.6. SEM images of HFM surfaces. (A) PS/PVP, (B) PS/PVP bleach-treated. (C)
PS; the inset image is taken at an angle to the surface to reveal the tendril-like structures
normal to the surface. (D) Cellulose diacetate.

37
Table 2.1 HFM surface properties.
External Surface

Macrovoid
Diameter *
(μm)
1.02
1.36
0.97
N/A
N/A

S.D.
(μm)

Contact
Angle **
(degrees)
68.3
74.7
72.4
86.8
60.5

S.D.
(degrees)

PS/PVP
0.44
5.5
PS/PVP Bleach Treated
0.58
6.5
Polysulfone (PS) Only
0.25
4.9
Cellulose Diacetate (CD)
N/A
7.2
Fresh 6d Wheat Root
N/A
8.8
Conditioned PS/PVP Bleach
N/A
N/A
64.3
2.5
Treated
* Diameters are the mean of all macrovoids in a 15 μm x 15 μm image size for each
fiber.
** Contact angle values are the mean of 40 measurements.

Figure 2.7. AFM analysis of PcO6 (Top) and Bs309 (bottom) morphologies. The MW
cutoff for all the HFMs is below 60 kD, thus, the surface pores do not allow transport of
bacteria into the fiber lumen, and microbes remain confined to the HFM surfaces,
including on/within the pores, which provide anchoring points. The HFM root-mimetic,
however, is homogenous in terms of surface properties, allowing a focus of colonization
in response to ARE composition variations to better understand the influence of root
exudates on biofilm formation.
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3.3 Surface Characterization and Affinity of the Rhizobacteria
The HFMs were characterized by their hydrophobicity, as measured from the
water contact angles on fiber surfaces and compared with water contact angles measured
on a fresh wheat root (Table I.1). All the fibers have contact angles less than 90° and are
readily wet by the water droplet. Native PS/PVP (68.3°) becomes slightly more
hydrophobic upon bleach treatment (74.7°), which is attributed to PVP chain scission and
a reduction in PVP content in the fibers52. Conditioning of the fibers with a minimal
medium artificial root exudate (ARE B) prior to measuring water contact angle yields a
more hydrophilic surface (Table I.1). The water contact angle was 64.3° for the AREconditioned PS/PVP bleach-treated HFM, close to the contact angle of 60.5° measured
for a fresh 7 d wheat root.
The four HFMs were tested for bacterial affinity based on growth on the HFM
immersed in ARE A for 24 h, as shown in Figure 2.8. Isolate Bs309, had significantly
lower affinity for the HFM surfaces than the root surface colonizer, PcO6. Bs309
remained in the 0.3-7×103 CFU/cm range where PcO6 CFUs were in the 0.6-2×107/cm
(Figure 2.8.A). The stronger surface colonizing behavior of PcO6 on the HFMs may
reflect its lifestyle in the rhizosphere, where it is found adhering to wheat root surfaces.
Less is known about the Bs309-wheat interaction. Indeed, part of the benefit of the HFM
root-mimetic is that the same abiotic surface is presented to all bacteria under
investigation, and the role of the plant host is restricted to selected ARE compositions.
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A

3E+7
3E+7
2E+7

A

A
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B

1E+7
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B
D
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D

D

PS

PS/PVP
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PS/PVP
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1.97E+07

2.31E+07

9.05E+06

5.77E+06

Bs309 CFUs 1.00E+03

6.67E+03

9.33E+02

2.67E+02

PcO6 CFUs

Figure 2.8. Assessment of HFM fibers for biofilm formation. (A) CFU comparison of
culturable bacterial cells released from HFM surfaces after 24 h growth in LB (ARE A).
(B-D) SEM images of mature biofilms formed on the PS/PVP bleach-treated fiber
imaged after 4 d growth. Inset (B) low magnification image of colonized HFM. Samples
imaged under low vacuum after methanol fixation and critical point drying.

3.4 HFM and Biofilm Formation
There are five major steps for biofilm formation: (1) reversible attachment of
planktonic bacteria to a conditioned surface; (2) irreversible attachment of bacterial cells
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to the surface through adhesive appendages (pili)/surface proteins, cell aggregation, and
production of EPS, such as alginate; (3) growth of colonies into early biofilm
architectures; (4) biofilm maturation to form complex 3D architectures, through
increasing production and diversity of the EPS polymers to embed the cells; (5)
programmed release of cells. The physiochemical properties of the PS/PVP bleachtreated HFM were the most favorable to surface colonization (Figure 2.8.A), and was,
thus, selected as the fiber of choice for the biofilm analysis as a root-mimetic. SEM
analysis of this fiber after 4 d of biofilm growth revealed a PcO6 biofilm with extensive
3D architecture (Figure 2.8.B), which is indicative of a stage-4 biofilm. PcO6 cell
outlines are visible within the thick 4-day macrostructure. At higher magnification
(Figure 2.8.C and 2.8.D), thread-like structures between cells are revealed, which are
possibly type IV pili and/or EPS.
Attachment of PcO6 cells to an abiotic surface and to each other as the biofilm
matures is likely to involve several bacterial surface traits. Attachment for other
pseudomonads is correlated with flagella, type IV pili, and large surface proteins called
Lap proteins.37-39 Lap proteins may also function in cell-to-cell attractions required for
biofilm maturation.38 Flagella are observed on PcO6 cells adsorbed on the PS/PVPbleached HFM (Figure 2.7). As flagella aid in cell movement across surfaces38, they may
participate in maturation of the biofilm through cell-cell interactions. The genome of
PcO6 contains genes encoding type IV pili. Two identified gene clusters are
PchlO6_5320 pilA, PchlO6_5321 pilC and PchlO6_5321 pilD and pilM, pilN, pilP and
pilQ at loci PchlO6_0450 to PchlO6_0453. PilQ is predicted to have a transport function.
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PcO6 also has the potential to make the adhesin, the Lap A protein. In PcO6, the
gene lapA (PchlO6_0139) is close to lapD (PchlO6_0137) and adjacent to a tolC family
outer membrane transporter gene (PchlO6_0140), originally designated as aggA in a P.
putida isolate, which when eliminated reduced root colonization ability.40 LapA transport
to the outer membrane protein allows it to act as an adhesin. This transport process is
regulated by LapD, a cytoplasmic membrane spanning protein that is intimately linked
with biofilm formation through possessing a di-GMP binding site on the cytoplasmic
domain.41 Biofilms form with pseudomonads when the c-di-GMP levels rise, through
processes that are highly regulated, including nutrient availability.38
The effects of nutrients on formation of biofilms on the HFM were investigated
using the chemically defined medium, ARE B, where carbon was supplied as citrate and
sucrose and ammonium ions were the source of N, to better mimic nutrients available in
the rhizosphere (Figure 2.9). As shown in the CFU graph in Figure 2.9.A, PcO6 growth
was observed as both the planktonic and biofilm forms peaked around day 3, with decline
from day 4 onward. Imaging biofilm formation with time through SEM was performed
without chemical fixation (Figure 2.9.A, 2.9.C). A thin and sparse biofilm formed by day
1. The surface coverage increased, and by day 3 has matured into layered structures. By
day 5 more confluent biofilm coverage was observed on the HFM surface. No discernible
changes were observed for biofilms on fibers harvested on day 6 (not shown). A higher
magnification SEM image of the biofilm (Figure 2.9.C) reveals the outline of PcO6 cells
within a highly mucoid EPS layer. The bacterial cells also display round inclusions which
may be polyhydroxybutyrate (PHB) granules. PHB granules are produced by
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microorganisms in response to conditions of physiological stress. An in-situ assessment
of biofilm formation (Figure 2.10) reveals possible EPS formation in real-time; however,
putative PHB granules were not resolved as cellular structures with AFM.

Planktonic CFUs/mL
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1E+7
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1E+7

1E+5

1E+6

Day 1

Day 2

Day 3

Day 4

Day 5

Day 6

CFUs/ 1 cm of fiber
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1E+4

Planktonic CFUs/ mL 3.20E+08 6.00E+08 8.00E+08 6.33E+08 6.00E+08 2.33E+08
CFUs/ 1 cm of fiber

6.44E+05 6.33E+05 8.07E+05 6.93E+05 1.89E+05 6.19E+04

Figure 2.9. PcO6 biofilm growth over time using minimal medium (ARE B) and PS/PVP
bleach-treated HFMs. (A) CFUs recovered from fiber are compared with CFUs from
planktonic PcO6 growth in the ARE. (B-D) SEM images of fibers harvested at 1, 3, and 5
days. (E) A higher magnification image of 3-day biofilm showing copious EPS layer
overlaying cells, and presence of putative PHB granules. SEM images collected without
chemical fixation of samples.
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Figure 2.10. In-situ assessment of PcO6 biofilm on PS/PVP bleached HFM-root-mimetic
using AFM. (A) Thin biofilm of PcO6 (outlined in blue) on the HFM following 4 d
inoculation in ARE B. (B) In-situ growth of biofilm with continued ARE delivery via
fiber lumen for 24 h. In addition to lateral biofilm growth that obscures all the pores in
the HFM, the biofilm increases in topography and obscures underlying cells, presumably
from EPS production. Images collected using tapping mode in air.

The PcO6 genome contains genes predicted to be involved in synthesis of this
PHB C-storage product. Genes are clustered at loci PchlO6_0432 to PchloO6_0438. The
gene phaD at locus PchlO6_0435 is predicted to encode a regulator and phaA
(PchlO6_0438) and phaC (PchlO6_0436) are annotated as encoding polymerases. This
gene sequence is similar to the cluster responsible for PHB synthesis in P. putida
KT2440. PHB synthesis in P. putida KT2440 is driven by low nitrogen high carbon
growth. Glycerol is a frequently used carbon source in studies to optimize PHB
production under chemostat conditions, because it readily supplies the acetyl CoA
required for synthesis of the polymer.42
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3.5 Effects of Added Glycine and Citrate in the ARE on Biofilm Formation
To assess factors influencing granule formation and to understand how rootcolonizing biofilm architecture varies with changes in root exudate composition, ARE-B
was modified by addition of glycine, extra citrate, or both, as defined in Table B2. Both
glycine and citrate are found in rhizoexudates and soil pore waters.32,43 Citrate is
interesting because this metal chelator, along with malate, increases in concentration
upon challenge of wheat with Cu and Al ions.44 Thus, correlating how ARE nutrient
supplies influence biofilm growth on the root-mimetic HFM provides a model to
understand bacteria growth in the rhizosphere.
Figure 2.11.A shows the 4 d CFUs from fibers, contrasted with CFUs from
planktonic cultures for increased ARE B (+Cit), ARE B (+Gly), in comparison with ARE
B. Fibers were analyzed on day 4 to allow for biofilm maturity. The SEM images are of
samples that were chemically fixed using methanol, which produced better imaging of
the cells through dehydration of cellular and extracellular materials. This is noticed when
comparing the cells grown in ARE B in Figure 2.9 to those in Figure 2.11.A. In Figure
2.9, the unfixed cells are obscured within a thick mucoidal layer, while after chemical
fixing in methanol (Figure 2.11) cell outlines are revealed and the putative PHB granules
are clearly discernible within the microbial cells. Additional images of PcO6 granules
(ARE B) and partial restoration of EPS in ARE B(+Gly +Cit) are shown in Figure 2.12.
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Figure 2.11. Changes in PcO6 biofilm and planktonic CFUs in minimal medium (ARE
B) with and without added glycine (ARE B +Gly) and citrate (ARE B +Cit). (A) CFU
counts were taken after 4 d of growth. (B-C) Granule formation in cells are clearly
observed for ARE B as well ARE B(+Cit); however, in (C) the cells are more obscured
by EPS, presumably produced in response to additional citrate. (D) Cells grown on
ARE(+Gly), a second nitrogen source, produce less visible granules than those shown in
B-C. Cells also are clearly visible, suggesting reduced EPS production. (E) Increasing
citrate in the presence of glycine appears to partially restore EPS production. Granule
formation is also not noted, but somewhat obscured by EPS, and attributed to the glycine
as a second source of N. Low magnification images of corresponding HFMs are shown in
insets of each panel. Additional images of PcO6 granules (ARE B) and partial restoration
of EPS in ARE B(+Gly +Cit) are shown in Figure 2.12. All samples were fixed in
methanol and critical point dried prior to SEM imaging.
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A

ARE B(+Gly,

B

ARE
Figure 2.12. (A) Partial EPS coating on PcO6 biofilm grown on PS/PVP bleached fiber
for 4 d on ARE B(+Gly +Cit). (B) Granule formation and interconnecting web for 4 d
PcO6 biofilm grown on ARE B on PS/PVP-bleached HFM. Samples fixed in methanol
for SEM imaging.

48
Only the biofilms formed with growth on ARE B(+Cit) (Figure 2.11) displayed a
thick layered structure that showed cracking upon fixation, although value of the CFUs
recovered from the 4-d-biofilm were not different from those of the ARE B-biofilms.
With additional citrate, the bacterial cells appear more tightly packed and are obscured by
a cohesive mucoid EPS layer (Figure 2.11.C vs. Figure 2.11.B). Granules are present
within the cells grown on both ARE B and ARE B(+Cit), but are less discernible in the
latter, perhaps due to the overlay of EPS. EPS production by root-colonizing bacteria
may benefit the host plant, as the biofilm forms a matrix covering root cells that may
retain water, chelate micronutrients, and protect against pathogens.
The PcO6 EPS composition is unknown, but likely includes alginate. For PcO6, a
large gene cluster associated with alginate synthesis is located between Pchl_0107 and
Pchl_1029, and regulatory genes at other locations are present. Alginate production in
other microbes is intimately linked with regulation at the transcriptional and translation
levels by c-di GMP for cells to switch to a biofilm lifestyle.45 The predicted sequence,
algA, algF,algJ, algI, algL, algX,alg G, algE, algK, alg44 , alg8 and algD, is identical to
those found in P. syringae and P. aeruginosa and, similarly, additional genes that
function as regulators46 are located elsewhere on the chromosome. The finding that
alginate is stimulated by Cu and osmotic stress in P. syringae46 and by Zn47 in P. putida
suggests that the gene array is likely to be activated in PcO6 by interactions with CuO
and ZnO NPs and/or released ions. Future work will focus on generating mutants in
alginate production and assessing mutant colonization and biofilm formation on the HFM
root-mimetic.
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The ARE containing glycine, ARE B(+gly) provides a different nitrogen source in
addition to the ammonium ions in ARE B or ARE B(+Cit), an addition that may free up
metabolism to produce more N-containing structures such as Lap proteins / pili, as
described previously. The network of thread-like structures interconnecting the cells
grown on ARE B(+gly) (Figure 2.11.D) may contain more N than those formed on nonglycine ARE B media. Interestingly, the EPS formation for biofilms grown on glycine
containing ARE is partially restored when citrate concentration is doubled, ARE B(+Gly
+Cit), Figure 2.11.E. Surprisingly, despite provision of more N, this biofilm had the
fewest recoverable CFUs (Figure 2.11.A). However, this may result from a more
cohesive biofilm that releases fewer cells during CFU assessment, or cells that have
already detached due to earlier maturation of the biofilm.

3.6 Effects of NPs on HFM Biofilms
Having demonstrated the suitability of the PS/PVP-bleached HFM for hosting
biofilms nourished with AREs, we applied this platform to assess the response of the
ARE B-fed biofilms to NP challenges. CuO and ZnO NPs were selected as representative
of agriculturally relevant NPs, with potential to serve as fertilizers, or at higher doses,
pesticides. Previous work31,32 shows that growth of wheat or bean seedlings for 7 d in the
presence of either CuO or ZnO NPs did not affect colonization of PcO6, as determined as
culturable cells released from excised roots; however, these NPs stressed bacterial growth
and caused differences in biofilm formation. Figure 2.13 reveals NP effects on PcO6
biofilms formed on the HFM. The CuO and ZnO NPs were introduced at 300 mg / L of
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ARE B, and were either added at the same time as the inoculum (0 h) or 3 d after
inoculation to allow biofilms to be already established prior to the NP stress. The data
show that both treatment regimens and both NPs significantly reduced the biofilm CFUs,
compared with the NP-free control (Figure 2.13.A). All CFU and SEM analyses were
obtained 4 d post-inoculation. The most significant CFU reduction was observed with
CuO NPs introduction at time zero (6.5×103 CFU/cm), which was a two-log CFU
reduction compared to the NP-free control (4.3×105 CFU/cm). When CuO NPs were
added to established biofilms at 3 d, a modest reduction in CFUs was measured 24 h later
(1.5 x105 CFU/cm). SEM analysis of the root-mimetic when challenged with CuO NP at
time zero (Figure 2.13.B, 2.13.C) revealed an absence of biofilm, although individual
microbes and small aggregates were observed. For CuO NPs delivered at 3 d, the biofilm
appeared less structured than the unchallenged biofilm (e.g. Figure 2.13.B). EDS analysis
(Figure 2.14) identified the particles and aggregates as containing both Cu and O.
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Figure 2.13. ZnO and CuO NP challenges to PcO6 biofilms on the root-mimetic HFM
with ARE B medium. All samples were removed from culture at 96 h, and the NP
challenges were either introduced at initiation (0 h) or 72 h after initiation. (A) PcO6
planktonic and biofilm response to 300 mg/L CuO and ZnO NP challenges. (B-E) SEM
images of methanol fixed and critical point dried biofilms challenged with CuO NPs at
time of inoculation (B) or after 72 h growth (C), or ZnO NPs at time of inoculation (D) or
after 72 h growth (E). NPs and aggregates are indicated by arrows. EDS maps of CuO
and ZnO are shown in Figures 2.14 and 2.15.
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Cu signal

Figure 2.14. Elemental analysis by EDS of PcO6 biofilms exposed to CuO NPs. PcO6
biofilm grown 72 h on bleached PS/PVP with medium ARE B, and exposed to 300 mg/L
CuO NPs for 24 h, then imaged with SEM (A) and elemental analysis by EDS (B-E).
Detection of aggregates of CuO NPs is supported by the corresponding strong Cu EDS
signal. A low background Cu signal across the analysis area suggests presence of CuO
NPs and/or released Cu ions. Samples fixed in methanol for SEM imaging. Scale bars = 5
μm.

53
The ZnO NPs, either when introduced at time zero or at 3 d, reduced recoverable
CFUs (1.4 - 1.9×105 CFU/cm), as compared with the biofilm from the NP-free control
(4.3×105 CFU/cm). Unlike CuO NPs, the ZnO NPs yielded no significant CFU difference
between the two introduction times for either biofilm or planktonic PcO6. PcO6 has
higher toxicity threshold to ZnO NPs and released ions than it does to CuO NPs / ions;
and the dose, 300 mg metal oxide / L, is sublethal. SEM analysis supports the lower
toxicity of ZnO NPs compared to CuO NPs, revealing confluent microbial colonies as
well as individual adherent microbes for the ZnO challenged root-mimetic (Figure
2.13.D, 2.13.E). For the ZnO NPs-challenged biofilms an EPS layer was not observed,
and the thread-like structures seen interconnecting cells on ARE B were also missing.
Putative PHB granules were still observable for the ZnO NP-challenged cells (Figure
2.13.E). EDS analysis (Figure 2.15) shows a Zn signature for the particles. For both NPs
the challenged bacterial cells appear more elongated than the controls. Measuring the cell
sizes (Figure 2.16) reveals cell lengths ranging from 0.7 – 1.2 µm for control cells, 0.9 –
1.6 µm for ZnO NPs-challenged cells, and 0.9 – 1.9 µm for CuO NPs challenged-cells.
These changes in length may perhaps be due to altered ability to reproduce, because of
NP-induced reactive oxygen stress.
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Figure 2.15. Elemental analysis by EDS of PcO6 biofilms exposed to ZnO NPs. PcO6
biofilm on bleached PS/PVP grown 72 h on ARE B, exposed to 300 mg/L ZnO NP for 24
h, then imaged with SEM and elemental analysis by EDS (B-E). Aggregates of ZnO NPs
(A) map to Zn EDS channel (B). A low Zn signal across the analysis area in (B) suggests
presence of ZnO NPs and/or released Zn ions. Samples fixed in methanol for SEM
imaging. Scale bars = 5 μm.
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Figure 2.16. PcO6 length (A), width (B), and area (C) analysis in Image-J.
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In summary, the root-mimetic HFM permits exploration of NP-biofilm
interactions under controlled conditions where rhizoexudates are maintained with a
constant defined composition using AREs. In contrast to Bs309, PcO6 formed extensive
biofilms on the hollow fiber root-mimetic under the conditions investigated. CuO NPs
challenge diminished PcO6 biofilm-forming ability when delivered prior to biofilm
establishment, whereas ZnO NPs were not inhibitory to PcO6 biofilm formation. Both
CuO and ZnO NP exposure resulted in elongated bacterial cells. The most prominent
effect of altered ARE composition was production of a cohesive mucoid EPS coating the
biofilm with increased citrate in the medium. Intracellular granule formation was
observed for all biofilms. We speculate, based on existing literature, that these granules
contain PHB generated as a storage product when C is in excess. The PHB are transitory,
being degraded when needed. Consequently, these storage granules could benefit the
bacteria when plants are nutrient stressed, such as in the diurnal cycle when C supply to
the root is diminished. The prolonged activity of the metabolizing bacterial cells in the
root microbiome may in turn benefit the plant. These findings have implications in
agricultural use, as they suggest that at the investigated concentrations these metal oxide
NPs would have a minimal impact on preformed biofilms, but could delay the initiation
of biofilms with a high dose of the NPs in the rhizosphere. In addition, the entrapment of
NPs into the biofilm cells and on plant root surfaces including root hairs48 and exudate
could be part of the mechanisms involved in cross-kingdom transfer of NPs as entry
points into the food chain.49 The rhizosphere contains many organisms that graze on plant
roots, so that they would ingest the NPs.50 NP-rhizosphere processes, as outlined in
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Figure 2.1, are a complex interplay of plant-microbe-NP and soil pore water factors. The
root-mimetic HFM allows for a serial assessment of each component provided as
nutrients; user-defined AREs can mimic the root exudates or soil pore waters. The
production of putative PHB granules by PcO6 biofilms may allow them to withstand
stresses arising when the plant produces fewer exudates, as well as possibly have better
tolerance to NP exposure because of their use as an internal carbon source. Increased EPS
production by the PcO6 biofilm fed an artificial exudate with twice the citrate will be
explored in future NP studies, to assess the relationship between EPS and free citrate
activities on the NPs.
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CHAPTER 3
BIOFILMS OF ROOT COLONIZER PSEUDOMONAS CHLORORAPHIS O6
STUDIED USING A ROOT-MIMETIC HOLLOW FIBER MEMBRANE UNDER
ARTIFICAL ROOT EXUDATE NUTRIENTS
Abstract
The goal of a root-mimetic system (RMS) is to model the environment of the
rhizosphere in a controlled laboratory environment. One of the most complex factors in
such a model is the composition of the nutrients or artificial root exudates (ARE) used to
feed the microbe community. Research previous to these experiments showed successful
biofilm formation on the surface of a hollow fiber membrane (HFM) RMS draped into
medium. However, the minimal medium used contained very high levels of nutrients that
did not model levels normally found in the soil. The next stage in RMS development was
to engineer media with nutrient concentrations more closely paralleling root exudates to
study microbe growth and biofilm development.
Nine total formulations of AREs were tested for the ability to support growth of
Pseudomonas chlororaphis O6 (PcO6). These AREs contained levels of phosphate,
sulfate, and sucrose similar to those found in root exudates. Citrate, a carbon source, and
glycine, a nitrogen source, were varied within levels that have been seen in soil pore
waters (0-50 mg/L). Growth was recorded by assessment of culturable planktonic cells
and cells growing as a biofilm on the fiber surface. Samples of HFMs were taken from
the RMSs, and imaged under scanning electron microscopy (SEM) to view developing
biofilms.
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1.0 Introduction
Plants and bacteria exist together, growing in complex ecosystems that influence
the growth of the other organism. While some microbes are detrimental to plant health,
other microbes enhance the overall health of the plant.1 The rhizosphere is a complex
community with many interactions between root exudation and microbe response. The
bacterial cells are attracted by chemotaxis to the root, which is rich in exudates that
contain important nutrients for the bacteria.2 Sometimes these bacteria form biofilm
communities, feeding off the nutrients released from the root. The relationship between
the plant and certain bacteria is beneficial for the biofilm community, but also for the
plant. Certain microbes, such as Pseudomonas chlororaphis O6 (PcO6), provide the plant
with protection by producing compounds that can protect the plant from drought or other
microbes that are pathogenic.3 This dynamic and continuous feedback loop between plant
and bacteria helps both species survive.4
These biofilm communities can be difficult to model in a laboratory environment.
Culturable bacteria represent only a small portion of bacteria actually present in soils.5
The level of nutrients used to culture microbes in vitro is generally higher and more
consistent than concentrations of nutrients at the root surface.6 This study presents a rootmimetic system (RMS) that utilizes an HFM with liquid ARE surrounding the outside of
the fiber. The formulations of the AREs are based on actual levels similar to those in the
rhizosphere or in soil pore water.7, 8, 9 The goal of these experiments is to model PcO6
biofilm changes as a function of root exudate composition.
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2.0 Materials and Methods
2.1 Hollow Fiber Membranes
HFMs of PS/PVP were obtained from Fresenius Medical Care North America,
Ogden, UT. The HFMs were bleach-treated by soaking them in a 0.57 % sodium
hypochlorite solution at 70 °C for 2 min, and rinsing 3x in double distilled water. The
bleach-treatment is a facile means to reduce the PVP content of the fiber, creating a
membrane whose properties can be tuned between those of PS/PVP and pure PS.10 The
HFMs have lumen diameters < 200 µm and wall thickness < 50 µm, and molecular
weight (MW) cutoff < 60 kD. These HFMs were chosen based on the results described in
Chapter 2, and were the only fibers used in this study.
2.2 ARE Formulations Containing Varying Levels of Citrate and Glycine
All the chemicals used were analytical grade and were obtained from either
Sigma-Aldrich or Fisher Scientific. Ten different media recipes were utilized as AREs to
deliver nutrients to the bacteria: minimal medium (ARE B) and ARE α-ι with variations
in the sodium citrate and glycine content. Specific ARE recipes can be found in Table
3.1, Table 3.2, and Table 3.3. ARE α-ι have similar compounds to that of ARE B, but the
levels of these nutrients are much lower and based on actual root exudate and soil pore
water analysis.
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Table 3.1. Minimal Medium (ARE B)
Compound

ARE Compound Concentration (g/L)
B

K2HPO4

10.5

KH2PO4

4.5

Na*Citrate*2H2O

0.5

(NH4)2SO4
MgSO4 Anhydrous

1
0.125

Sucrose

2

Glycine

0
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Table 3.2. Theorized ARE media formulations with nutrients similar to those in root
exudate
ARE Compound Concentration (mg/L)
Compound ARE ARE ARE
alpha beta Gamma
(α)
(β)
(γ)

ARE
Delta
(δ)

ARE
Epsilon
(ε)

ARE
Zeta
(ζ)

ARE
Eta
(η)

ARE
Theta
(θ)

ARE
Iota
(ι)

*K2HPO4

35

35

35

35

35

35

35

35

35

*KH2PO4

15

15

15

15

15

15

15

15

15

Na Citrate

10

0

50

0

10

50

0

10

50

(NH4)2SO4

100

100

100

100

100

100

100

100

100

MgSO4
Anhydrous

35

35

35

35

35

35

35

35

35

Sucrose

200

200

200

200

200

200

200

200

200

Glycine

0

0

0

10

10

10

50

50

50

* Actual amounts pending based on pH of solution. Target pH for all AREs is 6.8-7.2
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Table 3.3. ARE media formulations after adjusting pH and adding water
ARE Compound Concentration (mg/L)
Compound ARE ARE ARE
alpha beta Gamma
(α)
(β)
(γ)

ARE
Delta
(δ)

ARE
Epsilon
(ε)

ARE
Zeta
(ζ)

ARE
Eta
(η)

ARE
Theta
(θ)

ARE
Iota
(ι)

K2HPO4

317

400

417

375

375

333

292

375

333

KH2PO4

0

0

0

0

0

0

0

0

0

Na Citrate

10

0

50

0

10

50

0

10

50

(NH4)2SO4

100

100

100

100

100

100

100

100

100

MgSO4
Anhydrous

35

35

35

35

35

35

35

35

35

Sucrose

200

200

200

200

200

200

200

200

200

Glycine

0

0

0

10

10

10

50

50

50

The naming convention for the ARE media is as follows. Each ARE medium has
a unique letter associated with it (alpha, beta, etc.). Following the ARE is a c and g value.
These values represent the amount of citrate or glycine as mg/L in the formulation, as
these were the compounds that were varied. For example, ARE α-c10-g00 means that
ARE α contains 10 mg/L citrate in the formula and 0 mg/L glycine.
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The pH of all the AREs was controlled to be between 6.79-6.90 using variations
in dipotassium phosphate added to the medium. The range of final phosphate varied
about 52 mg/L to 75 mg/L with this pH adjustment. ARE formulation is described in
appendix A, and recorded pH for each ARE can be found in Table 3.3, while information
on the theorized ARE formulation before pH testing is recorded in Table 3.2.
2.3 Microbial Growth
Bacterial cultures of PcO6 were maintained as frozen stocks at -80 ℃ in 15 %

sterile glycerol. To obtain an inoculum, cells from the thawed freezer stocks were

inoculated into ARE B, and grown for 24 h in darkness at 22 ℃ with shaking at 150 rpm
in a Series 25 Incubator Shaker (New Brunswick Scientific Co., Edison, NJ).
2.4 Biofilm Development
Liquid AREs were inoculated with about 3×104 cells/mL by adding 1 µL of
inoculum to 14 mL of ARE. The inoculated AREs were transferred to the wells (3
mL/well). Biofilm generation on the outside of the HFMs was assessed by draping fibers
into AREs contained in the wells of 12-well plates (Nunclon Delta Surface, Fisher
Scientific Co.) and affixing the free ends to the top of the plate. Plates were incubated at
22 ℃ at 150 rpm. There was slight variation in the actual inoculation density for each of
the AREs, which can be seen in Figure 3.1.

Two sets of experiments were performed using this method. In one study, ARE αc10-g00 was grown for a total of 8 days, with sampling the HFMs and liquid culture for
bacterial growth every other day. Three replicates were sampled for each time point. The
second experiment used all 9 AREs listed in Table 3.3. Each of the 9 AREs had 4 wells
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with draped fibers prepared, leaving 3 replicate fibers for CFU testing and one fiber for
imaging under SEM. Figure 3.2 shows a schematic of biofilm development in a single
well of the well plate assay.

Figure 3.1. Inoculation density for ARE 𝛼𝛼 − 𝜄𝜄 studies. The actual inoculation density for
each ARE had variation in the amount of CFUs. However, it was determined that this
starting inoculation was acceptable and did not affect the overall ending CFU data for the
samples. Each ARE type was sampled for a total of 9 samples.
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Figure 3.2. Draped fiber 12-well plate assay. The left image in the figure shows a top
view of a 12-well plate containing draped fibers and liquid medium. The schematic in the
right side of the figure illustrates a single well in the system containing a draped fiber to
support biofilm formation, while the liquid medium surrounding the fiber contains
planktonic cells.

2.5 Analysis of Bacterial Growth
Serial dilutions were made of the planktonic cell cultures in the well plates using
sterile DDI water, and samples were plated on LB plates with a 2 % agar content. After 2
d growth at room temperature, colonies were counted, and CFU/mL determined. Wells
had a total of 3 mL of volume; however, all reported results are per 1 mL of volume. For
biofilm CFUs, the HFMs were harvested at 2 d, and gently rinsed twice by immersion
into sterile DDI water for 15 s. A 1-cm section of the HFM was cut and transferred to a
bullet tube containing 1 mL of sterile DDI water, and vortexed for 30 s at 1800 rpm
(Fisher Scientific). Serial dilutions of the cells released from the HFM were made and
plated onto LB agar to determine CFU/cm HFM.
2.6 SEM Analysis
SEM was performed with a FEI Quanta FEG 650 equipped with an Oxford X-

72
Max energy dispersive X-ray spectroscope (EDS) housed in the Microscopy Core
Facility at Utah State University. Samples were imaged under fixed and unfixed
conditions between 0.3–0.5 torr (low vacuum) with 10–14 kV accelerating potential
without conductive coatings. Unfixed samples were rinsed twice by submersion in sterile
DDI water and dried over two days at ambient conditions in covered empty Petri dishes.
For fixation, rinsed samples were submerged in anhydrous methanol for 10 min,
transferred into anhydrous ethanol twice for 30 min, before immediate transfer for critical
point dehydration with liquid CO2 using a Tousimis Autosamdri 931 supercritical point
drying apparatus.
2.7 Statistical Analysis
All samples were replicated at least three times, and data are reported as means
with standard deviation. A two-way ANOVA test with pairwise comparisons of treatment
groups using REGWQ was performed on all well plate assay experiment data using the
SAS University Edition statistical program.
3.0 Results and Discussion
3.1 Bacterial Growth and Biofilm Formation
CFUs for both the biofilm on the fibers as well as the planktonic cells were
assessed. Figure 3.3 was used to determine the growth of the bacteria over time.
Culturable cell density on the HFM appeared to peak at day 2, so it was determined that
testing ARE α-ι would be sampled on day 2 of growth. Figure 3.4 shows the CFU data
for both the biofilm on the fibers as well as the planktonic cells of ARE α-ι. The results of
the statistical analysis can also be seen. The expected hypothesis was that the ARE with
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higher amounts of citrate and glycine (ARE ι-c50-g50) would show higher CFUs in
comparison to an ARE with lower nutrients (such as ARE β-c00-g00). However, these
samples were statistically the same. The most likely explanation is that at day 2, the
nutrient compound(s) that is limiting growth is the sucrose and not the citrate or glycine.
Sucrose existed in all AREs at the same level (200 mg/L). If experimentation were
extended to longer time points, greater differences in the biofilm or planktonic CFUs may
be evident. An important result is that all AREs supported bacterial growth on both the
fiber and in the liquid culture. The range of growth for all planktonic samples was
between 1.25 x 105 and 1.75 x 107 CFUs/mL, and for biofilm samples was 2.50 x 103 and
1.25 x 105 CFUs/cm of fiber. No samples showed a decline in bacterial growth.

Figure 3.3. CFU data for ARE α-c10-g00. Growth was recorded every other day for 8
days.
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Figure 3.4. CFU data for both the HFM and the Planktonic liquid culture for all nine
AREs −𝜄𝜄 . CFU data for both the 1 cm section of HFM and the planktonic liquid culture
are shown for all nine AREs. Statistical grouping for each of the AREs are shown above
the bars. The mg/L of citrate or glycine is described by the number after the letter in each
ARE name.

3.2 Impact of Artificial Root Exudate Composition on Biofilm Growth
Findings in Chapter 2 discussed growth of PcO6 on the draped fiber RMS
supported by a minimal medium that has higher concentrations of nutrients than those in
root exudates of pore waters. Data in Figure 2.9 show that even on day 1, a biofilm with
over 5.0 x 105 CFUs/cm of fiber had formed. Using reduced nutrient ARE α-c10-g00, the
biofilm density was under 1.0 x 105 CFUs/cm even after over a week of growth. The
biofilms that formed were also in smaller patches on the fiber. Many times, these patches
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were difficult to find under SEM observation. Figure 3.5 shows the surface of a biofilm
on the HFM grown in ARE 𝛿𝛿-c00-g10 at day 2 of growth. The dark smooth patches of
biofilm cells stand out against the pores visible on the fiber surface. Figure 3.6 shows a

more magnified image of the same biofilm patches. At this magnification, the distinct rod
shapes of PcO6 cells are visibly encased in an EPS layer.

Figure 3.5. Hollow fiber membrane surface imaged using SEM. Small patches of PcO6
biofilm, indicated by arrows, can be seen beginning to form on day 2 of growth using
ARE 𝛿𝛿-c00-g10.
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Figure 3.6. Higher magnification of the hollow fiber membrane surface imaged using
SEM revealing PcO6 biofilms. This image is a higher magnification view of the section
pointed out by arrows in Figure 3.5. Small patches of PcO6 biofilm can be seen
beginning to form on day 2 of growth using ARE 𝛿𝛿-c00-g10.
3.3 The Draped Fiber Assay as a Root-mimetic System
The draped fiber RMS has been effective for screening large amounts of ARE
formulations. The strength of the method comes from the simplicity of the system to
model a synthetic 3D root surface. The simplicity allows for quicker turnover in tests and
results. The surface can be analyzed for attachment of cells and overall proliferation.
Several samples with replicates can be run on the sample well plate assay, thus lowering
the amount of materials needed to obtain final data. The draped fiber RMS is not without
pitfalls, however. There is a large amount of variation between replicates. Due to the
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number of steps needed to go from inoculation, growth, sampling, imaging, and plating
agar dilution plates, small variations in each may accumulate.
As is the case with many models, there are differences between the actual system
and the one the model represents. The draped fiber RMS provides a synthetic surface, but
it does not model an actual root in terms of nutrient delivery. First, the root surface cells
in the rhizosphere release nutrients and would be most accessible to the basal cells of the
PcO6 biofilm rather than to cells in the outside of the biofilm. Second, the composition of
the nutrients released from the root would change with the growth of the plant, and even
diurnally. As opposed to that, the RMS used in this study started with an ARE of defined
composition and concentration that was constant throughout the experiment. However, it
is still a useful model for preliminary testing the ability of ARE formulations to support
bacteria colony formation on a synthetic surface.
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CHAPTER 4
BIOFILMS OF ROOT-COLONIZING BACTERIA STUDIED USING A ROOTMIMETIC HOLLOW FIBER MEMBRANE WITH NUTRIENTS FED THROUGH
THE LUMEN
Abstract
There are many parameters to evaluate when designing and creating a rootmimetic system (RMS)—the previous chapters addressed composition of artificial root
exudates (AREs). Delivery of the ARE to the microbial community that colonize the
artificial root surface is also a key consideration. Biofilms are formed by the bacterial
cells’ use of the metabolites released form the root, which are fed to cells attached to the
root surface. Previous research on the RMS has focused on hollow fiber membranes
(HFM) draped into defined nutrient media. This study discusses how an RMS can deliver
the nutrients from the lumen of these fibers to bacteria inoculated onto the fiber surface.
The design of the lumen-fed RMS utilized a microscope glass slide for easier
imaging of the sample. Chambers were created around a single fiber, in order to contain
the biofilm. Syringe pumps were utilized to slowly flow the artificial root exudate (ARE)
through the porous membrane (MW cutoff of 60 kD) of the HFM. The root colonizing
bacterium, Pseudomonas chlororaphis O6 (PcO6), was inoculated on the fiber either by
flooding or by a needle. Biofilm formation with these two inoculation methods were
compared. The lumen-fed RMS explored in this study shows promise for future
experimentation with ARE formulations with defined composition such as that of root

80
exudates and lumen-fed delivery to better understand biofilm formation under conditions
that resemble root surface microbial colonization.
1.0 Introduction
Plants and bacteria exist together, growing in complex ecosystems that influence
the growth of the other organism. While some microbes are detrimental to plant health,
other microbes enhance the overall health of the plant.1 The rhizosphere is a complex
community with many interactions between root exudation and microbial responses. The
plants’ rhizosphere has a high bacterial population.2 The bacteria are attracted by
chemotaxis to the root surface from which nutrients are released3 such that biofilm
communities form. The relationship between the plant and bacteria is not only beneficial
for the biofilm community, but also for the plant. Certain microbes, such as PcO6, induce
protective mechanisms in the plant, such as for drought or pathogen attack.4 This
continuous feedback loop between plant and bacteria helps both species survive.5
The biofilms living on a live plant root are difficult to model in a laboratory
environment. In the laboratory, biofilms are produced on the surface of a solid nutrient
medium, or as a pellicle above or submerged beneath the surface in liquid medium broth.6
None of these processes model the 3D structure of the plant root or encompass the
direction and dynamics of nutrient supply as root exudates. This study presents a rootmimetic system that supports biofilm formation on the outer surface of an HFM by
flowing nutrients through the lumen that diffuse through the permeable HFM wall.
2.0 Materials and Methods
2.1Construction of the Lumen-fed RMS
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Step by step construction information can be found in appendix A. Figure 4.1
shows a diagram of the RMS lumen-fed system. The concept of the lumen-fed RMS is to
use a syringe pump to continuously feed nutrients through the lumen of the HFM. The
nutrients slowly exude through the porous membrane to the outer surface. This method of
exuding nutrients through the fiber membrane mimics the action of roots exuding
nutrients to the environment surrounding the root. The syringe pump is attached to
silicone tubing on one side of the RMS. The HFM is inserted through a pipette tip, and
then the tip is slowly filled with UV-curable adhesive. This creates a point at the end of
the silicone tubing that directs the nutrients only into the lumen of the membrane fibers.
Liquid is unable to pass unless it travels through the lumen of the fiber. Once the fiber is
in the perfusion chamber, nutrients will diffuse to the outside surface. Two chambers are
constructed that are separated from each other by UV-curable adhesive. For one of the
chambers, the fiber is inoculated. The other chamber lacks inoculum and thus acts as a
control for microbial contamination of the medium.
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Figure 4.1. A lumen-fed root-mimetic system. Diagram on the left depicts the coupling
of a 5 mm-diameter silicone tubing to a single HFM through a UV-curable adhesive plug.
Nutrient flow is delivered through the silicone tubing to the HFM. Flow into the system is
restricted to the inside of the HFM by the UV-curable adhesive.
2.2 Hollow Fiber Membranes

HFMs of PS/PVP were obtained from Fresenius Medical Care North America,
Ogden, UT. The HFMs were bleach-treated by soaking in a 0.57 % sodium hypochlorite
solution at 70 °C for 2 min, and rinsed 3x in double distilled water. The bleach-treatment
is a facile means to reduce the PVP content of the fiber, as well as cleave PVP chains,
creating a membrane whose properties can be tuned between those of PS/PVP and pure
PS.7 The HFMs have lumen diameters < 200 µm, wall thickness < 50 µm, and molecular
weight (MW) cutoff < 60 kD. These HFMs were chosen based on the results described
in Chapter 2 and were the only fibers used in this study.
2.3 Artificial Root Exudate (ARE) formulation
All of the chemicals used were analytical grade and were obtained from either
Sigma-Aldrich or Fisher Scientific. Only one ARE formulation was utilized to deliver
nutrients to the bacteria. Luria Broth (LB) medium was chosen as a positive test to see if
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the lumen-fed system could support growth. The specific ARE recipe is listed in Table
4.1.

Table 4.1. Luria Broth (LB) Medium (ARE A).
Compound

Concentration (g/L)

Tryptone

10

Yeast extract

5

2.4 Biofilm Development
PcO6 were maintained as frozen stocks at -70 ℃ in 15 % sterile glycerol. To

obtain inoculum, cells from the thawed freezer stocks were inoculated into LB medium
and grown for 24 h in darkness at 22 ℃ with shaking at 150 rpm in a Series 25 Incubator
Shaker (New Brunswick Scientific Co., Edison, NJ).

RMSs were inoculated using two methods: Flooding the chamber or the addition
of cells through a sterile inoculation needle. The flood method consists of flooding the
inoculation chamber of the RMS with inoculum, and allowing the solution to sit for 30
seconds, before gently wicking the solution out of the chamber with a fiber optic cleaning
wipe. The needle method utilized small openings in the perfusion chamber aligned above
the HFM. A sterilized inoculum needle was dipped into the inoculum and then a drop was
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gently touched to the HFM surface. The inoculum used was directly from the LB culture,
with a density of cells of approximately 106 CFU/mL.
Once the RMSs had been inoculated with PcO6, they were attached to a NE-300
syringe pump (New Era Pump Systems Inc., Farmingdale, NY). The pump was set to
flow LB broth at 170 µL/hr. The systems were allowed to grow for 5 d in a dark room at
22 ℃. Each day the RMS was removed from the pump and imaged.
2.5 Imaging Analysis of in situ Biofilm Growth

Each day, the RMSs were imaged using a standard microscope and an inverted
fluorescent microscope. Both the inoculation chambers of the RMS and the control
chambers were imaged. The inoculation chamber could be compared to the control to see
differences in biofilm formation, in comparison to a plain HFM.
3.0 Results of Bacterial Growth and Biofilm Formation
Bacterial biofilms were observed with both of the inoculated RMSs. Figure 4.2
shows the progression of biofilm growth on the flood-inoculated RMS. By 1 d, the fiber
surface had a bumpy appearance that changed by 3 d to a confluent biofilm enwrapping
the HFM surface. By 5 d, the biofilm growth was mature enough to view with the naked
eye, as seen in Figure 4.4, and microscopy showed cracks indicating remodeling..
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Figure 4.2. Progression of biofilm growth on the fiber of an RMS inoculated using the
flood method. Images with a black background were taken using the inverted microscope.
The image on day 5 was taken using a standard microscope. The HFM is seen as a core
surrounded by the PcO6 biofilm. The image at day 1 used a 10x objective, while the
images at days 3 and 5 used a 4x objective.

Figure 4.3 depicts the biofilm formation of the needle inoculation method over
time. The needle inoculation method shows the biofilm slowly creeping down the HFM
surface from the inoculation point. UV light excitation was used to highlight the
difference in the HFM and biofilm at 1 d. The biofilm can be seen as a bulbous structure
on one side of the fiber. As time passes, the biofilm gradually expands and develops
down the fiber surface, colonizing new surface area.
At 4 d, the HFM ruptured, and liquid medium leaked into the inoculation
chamber. This rupture caused parts of the biofilm to be disrupted and washed from the
fiber surface. Figure 4.4 shows both systems without magnification. The needleinoculated system can be seen with the chamber clearly flooded with liquid. When
examining the system, the break appeared to be at the point of inoculation. One possible
explanation of the rupture is that the needle used to inoculate the fiber with PcO6 caused
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slight strain on the HFM, which created a weak point in the fiber where the ARE could
eventually break through.

Figure 4.3. Progression of biofilm growth from a root-mimetic system that was
inoculated using the needle method. Day 1 shows the biofilm under UV light excitation.
The biofilm fluoresces slightly brighter than the HFM under UV light excitation. At time
point day 4 there was a break in the HFM, and the chamber flooded with ARE liquid,
disrupting the biofilm.
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Figure 4.4. Root-mimetic systems imaged at day 4. The inoculation chamber of the
needle inoculation method is flooded with liquid ARE due to a rupture in the HF. The
PcO6 biofilm growing on the flood inoculation HFM can be seen with the naked eye,
circled in red.

4.0 Conclusions of the Lumen-fed Root-mimetic System
The lumen-fed RMS supported growth of PcO6 biofilms on the outer surface. The
initial bacterial inoculation was done by flooding or needle application of bacterial
culture. With flood inoculation, the biofilm formed a confluent layer over the whole fiber.
Point inoculation with a needle allowed formation of a biofilm section that with time
expanded down the fiber surface.
These experiments indicate that an RMS supported 3D biofilm development from a
lumen-feed system. Use of the rich LB medium allowed for rapid growth and the
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production of orange phenazines to provide a visible view of the biofilm formation over
the fiber surface. Future studies could include testing other rhizosphere bacteria as well as
using different nutrient media such as those with compositions based on root exudates.
Another variable to adjust would be the flow rate of the medium to better mimic root
exudation. These simple versions of the RMS demonstrated that feeding of bacterial
colonies was effective in producing strong biofilms which were actively producing the
antibiotics, the phenazines. Ultramicroscopy of the colonized fibers would enable
comparison of biofilms formed by lumen feeding versus those generated by immersion of
the same fibers into the nutrient medium.
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CHAPTER 5
SUMMARY, CONCLUSIONS, AND ENGINEERING SIGNIFICANCE

The rhizosphere of a plant is a complex ecosystem consisting of the plant roots,
the soil surrounding them, and the microbes that live in this area. The purpose of a rootmimetic system (RMS) is to create a model that can be utilized to grow rhizosphere
microbes in a controlled laboratory environment without the complexities that arise from
the dynamic interplay of the plant host and the colonizing microbe feedback loop. Several
RMSs were designed and evaluated 1) for their effectiveness in providing a hollow fiber
membrane (HFM) surface as an abiotic mimic of a root surface that allows for microbe
biofilm growth, 2) for nutrient content and their effectiveness at nutrient delivery, 3) to
determine if the system can be utilized to demonstrate the difference in biofilm
proliferation and architecture as a function of nutrient content and method of delivery,
and 4) to assess the effect of metal oxide NP stressors on the biofilm development.
The design process developed successfully evaluated the HFM as a surface for
microbial attachment and biofilm proliferation. Chapter 2 results illustrated that the
chemistry of the HFM was important. Differences in biofilm formation were observed
between fibers of polysulfone polyvinylpyrrolidone (PS/PVP), pure polysulfone (PS),
and cellulose diacetate (CD) and bleach-treated PS/PVP. Using a draped bleach-treated
fiber, PcO6 formed more robust biofilms than Bs309, whereas both successfully
colonized plant surfaces. The HFM of PS/PVP facilitated stronger bacterial attachment of
PcO6 cells than Bs309 cells. Use of AREs with different defined compositions in the
draped HFM system showed PcO6 biofilm cells to produce more EPS with higher citrate
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levels. Citrate is a known component of root exudates at levels that can change with
stress.
PcO6 biofilms growing on the draped HFMs in the RMS showed reduced biofilm
formation when exposed to CuO NPs and ZnO NPs. When NPs were added to
established 3 d biofilms, a modest reduction in biofilm CFUs was measured after 24 h.
The 3 d biofilm challenged with CuO NPs was less structured than an unchallenged
biofilm. The NPs also caused the bacterial cells to become elongated. Citrate will chelate
Cu, causing the dissolution of CuO NPs, and the formation of a chelate that could affect
bacterial metabolism to a greater extent than CuO. The draped RMS proved to be an
effective system for exploring PcO6 biofilm response to changes in medium composition
or addition of stressors.
When AREs with nutrient levels reduced 10 or 50 times from that of standard
minimal medium were used, growth as planktonic and biofilm cells was significantly
lower than previously observed, consistent with restricted nutrition. With the diluted
medium, the effects of citrate and glycine content on EPS production were less apparent.
However, this observation was made only after 2 d growth, and longer-term studies are
needed to better understand the effect of restricted nutrition on biofilm composition.
As is the case with many models, there are differences between the living system
and the abiotic mimic. The draped fiber RMS does not replicate the process by which
nutrients exude from the root. For example, composition of the exudates changes with
time. Also, in the draped system, the cells are bathed in the nutrients rather than having a
gradient of supply. Consequently, a lumen-fed RMS was designed with a single HFM
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fixed to a glass slide where only the outside of the fiber was inoculated. This system
allowed biofilm growth to be easily monitored using a standard or inverted microscope,
so that location and maturation was observed.
The design process for the root-mimetic system required testing in many areas.
This novel approach showed how the HFM could be used to supply nutrients and provide
a surface to compare biofilm development for two bacterial species associated with the
wheat plant. The nutrient composition and concentration, the method of nutrient delivery,
and the effects of external stimuli, CuO or ZnO NPs, were successfully examined. Each
factor was pertinent to modeling biofilm formation in the rhizosphere. Modeling biofilm
architecture in a 3D environment will promote further understanding of the roles of rootassociated bacterial biofilms in plant health and agriculture improvements.
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CHAPTER 6
RECOMMENDATIONS FOR FUTURE RESEARCH

Studying rhizosphere biofilms in a model system while mimicking essential
physical and chemical parameters found in natural environment is a challenging process.
By its nature, the reductive approach used to construct a model with complexity at a level
that can be more readily monitored and modeled in a lab setting will have inherent
limitations. While the studies presented in this thesis demonstrate several RMS platforms
that were successful in cultivating PcO6 biofilms, there are still many areas for
improvements. To better model a particular parameter, many of the ARE screening
studies were completed using a draped fiber RMS. Ideally the nutrients would be
delivered from the lumen of the fiber to the developing biofilm on the outside. The
lumen-fed RMS, when tested with a high nutrient medium and high delivery rates,
positively demonstrated the viability of a lumen-fed microfiber. Future work would
benefit by continuing with a lumen-fed system while combing it with more realistic
exudate rates, temporal profiles, and with ARE nutrients more similar to concentrations
found in actual plant systems. By combining the ARE recipes found in Chapter 3 with the
system of Chapter 4, the RMS would more closely mimic the delivery method of plant
exudates and nutrient levels. A recommended starting point would be to run parallel
lumen-fed RMSs with both receiving the same total volume and composition of a given
ARE, but have one delivered constantly while the other matches the diurnal exudation in
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which maximum exudation follows the onset of photoperiod. It is anticipated that the
resulting biofilms will exhibit distinct architectures.
For all the RMS platforms investigated, quantifying bacteria counts from biofilm
was challenging. These studies primarily focused on CFU counts for viability and SEM
imaging for biofilm architecture. CFU counts can vary greatly even between replicates.1
The method of vortexing HFM samples would ideally remove all adherent bacteria cells,
however, this is not always the case. Biofilms that are more developed may adhere more
strongly to the HFM, may not be completely removed by the vortex method, and cell-cell
aggregation may remain even after release, confounding simple CFU evaluation. SEM
imaging requires sacrificing samples and imaging after the sample has been dried and
fixed. However, environmental mode SEM imaging and in situ AFM imaging allow for
biofilm analysis under conditions that have not been altered due to chemical additives.
Imaging and sample analysis in these studies was primarily end point analysis where
ideally samples would not be sacrificed but imaged over time.
A mutant strain of PcO6 could be engineered to produce a fluorescent protein
such as Yellow Fluorescent Protein, YFP, which may allow for observation of dynamic
behavior during biofilm development. YFP constructs have been produced and would
allow for real-time imaging of biofilm formation and alterations due to external
stressors.2,3 YFP (excitation 490-510 nm and emission 520 to 550 nm) is of interest due
to the HFM having high intrinsic fluorescence at lower wavelengths.4 Imaging with
fluorescence is not without its own limitations. Fluorescence analysis comes at the cost
of resolution: whereas SEM provides nanoscale details, traditional florescence
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microscopy is on the microscale. Fluorescent constructs that are facultative could be
made to identify when the microbe is producing other compounds such as EPS or other
genes of interest in addition to the constitutively expressed fluorescent constructs.
PcO6 mutants that have limited ability to produce robust biofilms or specific
components of a biofilm, such as EPS, could be implemented as a control to better assess
biofilm architecture and understand responses to NPs or drought. These mutants could be
used to analyze how biofilm components such as EPS may protect the bacteria as well as
the host plant. The extent of this protection could be better quantified with the biofilm
mutant PcO6. In experiments where the biofilm structure has been compromised through
chemical exposure through EPS, the bacteria were much more susceptible to silver
nanoparticle stress.5 Potential mutant biofilm PcO6 experiments could include some of
the following:
•

Mutant PcO6 versus wild type response to different levels of nutrients.
Determine if certain nutrients (e.g. citrate) condition more robust biofilms.

•

Mutant biofilm PcO6 in comparison to wild type to determine each
strains’ ability to withstand stress from nutrient deficiencies, osmotic
imbalance, and NPs.

•

Experimentation of mutant PcO6 and wild type on plants. Determine
whether protective responses are impaired.

Future work also should include studies on nutrient variation. While several AREs
with varying nutrients were tested in these studies, only a few compounds were varied.
Sucrose levels are of interest, as in the AREs tested in Chapter 3 sucrose had the highest
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concentration of any of the media components. One hypothesis that could be explored
further is that the high level of sucrose may have overshadowed differences in the varied
amounts of glycine and citrate. Organic acids, malic acid, or amino acids, such as
phenylalanine, are of interest and could be included in future AREs.6 In addition to
exploring different compounds, changing the nutrient availability with the age of the
culture would better model a plant system. Plants exudate different compounds and
different amounts of certain compounds with time.7 Creating a true ARE may be a
dynamic multiple recipe that is changed with the age of the culture.
Future ARE recipes could also include variation of amount of nutrients delivered
in a diurnal cycle. Plants exudate nutrients based on energy availability from the sun,
with higher amounts of exudation during photosynthetic activity of the day.8 An RMS on
a syringe pump could have different media for different parts of the day, to mimic the
diurnal cycle. The pump flow rate could also be adjusted to mimic lower flow rates
during the night. Combining both diurnal ARE cycles and age AREs to more closely
mimic actual root exudates from a plant is the end goal for ARE experiments.
Observation of different compounds and variation with time are steps to more completely
model a plant system.
The two RMS platforms were effective for testing PcO6 biofilm formation when
the microbes were directly seeded on the fibers. However, this does not mimic the
cultivation and attachment of bacteria to a surface before biofilm formation begins.
RMSs placed in a sand matrix with microbes seeded in the matrix could be a useful
progression of the RMS in order to study how microbes move to the root, attach, and
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utilize nutrients slowly seeping from the hollow fiber membrane. A sand matrix may also
provide a more suitable platform for other species such as Bs309. The draped fiber RMS
was not an effective method of culturing Bs309 biofilms, as the bacteria did not readily
colonize the HFMs. The sand matrix would encourage chemotaxis to the HFM as it
would be the only source of nutrients in the system. The sand matrix would be a better
model of the plant system and may be a better platform for other soil microbe species.
Both the draped fiber and lumen-fed RMS systems demonstrated the ability to
cultivate biofilms and display differences in architecture as a function of nutrient content,
delivery, and stressors present. The draped fiber can be used as quick screening for ARE
recipes before moving on to the more complex lumen-fed system. The RMS design and
system used in a study should be selected based on the parameters being investigated. For
example, the draped fiber RMS is suitable for rapid screening of AREs, but not for
testing the influence of flow rate or diurnal cycle. Initial concept models of the future
RMS systems generated by our research group are illustrated below in Figure 6.1. The
proposed arrayed RMS approach would allow for multiple parameters to be addressed in
parallel. Future ARE composition and concentration can be varied with time to better
model cycles that occur within a plant system. Different RMSs that model different
factors, such as microbe attachment, also can be explored. An RMS placed in a sand
matrix and inoculated with bacteria may model bacteria attachment to a surface. Future
work will continue improvements to both AREs and RMSs to better model bacteria plant systems.
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Figure 6.1. Experimental design overview of an arrayed RMS. Wheat roots grown in
sand matrix amended with defined soil pore-water components provide exudate fed into
hollow fiber root-mimetic surface colonized with beneficial root microbes.
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APPENDIX A
STANDARD OPERATING PROCEDURES
1.0 Liquid Bacteria Culture
This method creates a liquid working culture that can be used for further experimentation.
Materials:
•

Freezer stock or a single colony of bacteria from a plate

•

Inoculation loop or sterile pipette tip

•

Flask

•

Sterile liquid media

•

Bunsen burner

•

Striker

•

70% ethanol

•

Laminar flow hood

Procedure:
1. Spray the surface that you will be working on in the laminar flow hood with 70%
ethanol to disinfect.
2. Place sterilized media and flask in the hood and spray containers with 70%
ethanol.
3. Add medium to flask.
Note: use a flask that can hold at least twice the volume of the media to be used so
it has room to shake in the incubator without overflowing.
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4. Using aseptic technique, transfer bacteria from either the freezer stock or a plate
that has a single colony available. Do this by gently scrapping the single colony
off the plate with sterile pipette tip or gently dipping the tip into liquid culture.
Then dip tip into flask with fresh medium.
5. Cap the now inoculated flask with aluminum foil, and leave to incubate under the
conditions that are specific to the bacteria being used. PcO6 is incubated at ~ 22 –
23 ℃ at 125 – 150 RPM for one-two days.

2.0 Spread Plate Culture

This method is used to make a lawn culture on an agar plate.
Materials:
•

Freezer stock or liquid culture

•

9-inch glass Pasteur pipette

•

Appropriate agar plate of medium

•

Bunsen burner

•

Striker

•

Laminar flow hood

•

Sterile pipette tips

•

Pipette

•

Parafilm ™

Procedure:
1. Prepare appropriate liquid culture or thaw freezer stock. Gather agar plate and
light Bunsen burner.
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2. Using a sterile pipette tip, pipette a small amount of liquid culture onto the plate.
Use just enough of the culture that will be able to cover the plate once it has been
spread.
3. Take glass Pasteur pipette and hold over Bunsen burner flame. Carefully hold
pipette parallel to ground. Allow pipette to remain under the flame until the tip
starts to bend. Then quickly remove so that the pipette tip now has a 90° angle.
4. Allow Pasteur pipette to cool. Check if pipette is cool by gently touching it to the
edge of the agar plate. A hot pipette will cause the agar to sizzle.
5. Use the now bent glass pipette to gently spread the liquid culture over the plate in
an even spread.
6. Cover plate and use Parafilm™ to seal the outside. Label with name, organism,
and date.
7. Incubate at appropriate temperature for bacteria used.
3.0 Spot Dilution Plating Method
This method uses serial dilutions to create individual bacterial colonies.
Materials
•

Freezer stock or liquid culture

•

Sterilized (autoclaved) double distilled (dd) water

•

Plate with appropriate medium

•

70% ethanol

•

1000 μL and 10 μL pipettes and corresponding sterilized tips

•

1 mL sterilized bullet tubes
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•

Bullet tube rack

•

Laminar flow hood

•

Parafilm™

•

Permanent marker

Procedure
1. Spray the working surface of the laminar flow hood with 70% ethanol and place
all materials in the hood.
2. Perform a five-fold serial dilution.
a. Place 5 1 mL bullet tubes in the bullet tube rack.
b. Pipette 900 μL of sterilized dd water into each of the bullet tubes.
c. Pipette 100 μL of the freezer stock or liquid culture into the first bullet
tube and mix gently and thoroughly with the pipette. Discard pipette tip
after use, and replace with a new tip before the next dilution. If the same
tip is used contamination from the first dilution will carry over to the final
dilution and ruin the series.
d. Pipette 100 μL from the first bullet tube into the second and mix.
e. Pipette 100 μL from the second bullet tube into the third and mix.
f. Repeat until the last bullet tube is reached. Use the number of dilutions
appropriate for the density of culture being used. A high-density culture
may need up to 8 dilutions, while a low-density culture may only need 1
or 2. When in doubt, use more dilutions.
Note: the pipette tip should be properly disposed of after each transfer.
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3. On the outside of the lid for the plate, mark the six areas where the dilutions will
be dispensed. For example, 0X, 1X, 2X, 3X, 4X, and 5X.
Note: make a mark down the side of the lid on to the bottom plate, so when the
mark is lined up, the dilution markings will line up correctly.
4. For each dilution, including the stock culture, place three 10 μL dots on the
media’s surface underneath the corresponding dilution markings.
Note: if the dilutions are dispensed most dilute to least dilute, the pipette tip does
not need to be changed; however, if done in the opposite manner, the pipette tips
need to be changed between each dilution.
5. Replace the lid and parafilm the plate shut. Leave the plate to incubate for the
amount of time appropriate for the bacteria.
4.0 Freezer Stock
This procedure is for creating freezer stocks for a desired bacterial cell line. Freezer
stocks can be used for future experiments to minimize genetic drift or loss of active
stocks in the lab.
Materials
•

Sterile 2 mL bullet tubes

•

sterile 15% glycerol

•

Plate with appropriate medium

•

Sterile pipette tips

•

Vortex

•

Sterile 50 mL centrifuge tube
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•

Previous freezer stock or liquid culture of bacteria
o Bacteria needs to be from a signal colony isolation

Procedure
1. Grow bacteria on plate for 2 days using the spread plate method. Depending on
the amount of stocks being made, more than one plate may need to be used. Use
appropriate media for the bacteria used. For example, PcO6 should be on minimal
media and Bs309 on LB.
2. After the plate has been growing for 2 days, flood plate with enough sterile 15%
glycerol to cover plate surface.
3. With sterile pipette tip gently brush the bacteria from the plate surface to make a
suspension.
4. Pool all the plates into the sterile centrifuge tube. Vortex tube to make even
suspension.
5. Pipette out 0.2 mL of suspension into bullet tubes. Label with bacteria name and
date.
6. Freeze tubes in -80° C freezer for up to 5 years. Generally, make 20-60 tubes at a
time.
5.0 Media formulation and sterilization
Media formulation can be a tedious and complex process. This procedure will outline the
basic steps to take when making liquid media.
Materials
•

Double distilled water
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•

Powder compounds to be added to media

•

Flask

•

Graduated cylinder

•

pH meter

•

Stir plate

•

Stir bar

•

Scale

•

Plastic weigh boats

Procedure
1. Add water to flask in a volume of about 60% of what will be the final volume of
solution. For example, if the final volume is 1 L, use about 600 mL of water to
start.
2. Weigh out powder components using scale and weigh boats.
3. Add component to flask by gently rinsing weigh boat with water.
4. Once all components are added, allow solution to completely hydrate the powder.
5. Add water until solution is close to 90% of the final volume.
6. Test pH of solution and adjust as necessary.
7. Pour solution into graduated cylinder. Add water until solution is at the desired
final volume.
8. Pour media back into flask and allow to stir for another couple minutes.
9. Sterilize media by either filtration or autoclaving solution.
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10. When autoclaving, use a flask that is twice the size of the solution. Autoclave
should be set for 20 minutes at 15 pst and 120 °C.
11. When filtering, follow instructions for the filtration system used. Make sure to
filter in a sterile environment. Flirtation is the best option to use when working
with sugars, as the autoclave can caramelize the sugars with the high temperature.
6.0 Hollow Fiber Membrane Bleach Treatment
Treating PS/PVP hollow fiber membranes with bleach reduces the PVP content of the
fiber, thus changing its properties. This protocol outlines the procedure for bleach treating
fibers.
Materials
•

Bleach

•

1000 mL glass beakers

•

Hot plate

•

Glass stir rod

•

PS/PVP hollow fiber membranes

•

Double distilled water

•

Paper towels

Procedure
1. Make a 300 mL solution of 0.57% sodium hypochlorite. Check the container of
bleach being used to see what percentage of sodium hypochlorite is contained, as
it can vary between brands. Dilute bleach as necessary.
2. Heat solution in a 1000 mL glass beaker to 70 °C.
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3. Gently stir in HFMs with a glass stir rod.
4. Mix for 2 min.
5. Remove fibers and rinse in 3 separate water baths for 30 seconds each. Use 300
mL of water in a 1000 mL beaker for each water bath.
6. Remove HFMs from water, and dry on a paper towel.
7. Store dry HFMs on a separate paper towel once dry.
8. Label with name, date, fiber properties, and length of bleach treatment.
7.0 Draped Fiber Well Plate Assay
The draped fiber well plate assay is used for a variety of experimentations, as described
in the chapters of this thesis. The fiber provides a surface for bacterial attachment and
biofilm formation, and the liquid medium surrounding the fiber supports nutrient
delivery. This procedure outlines the construction and sampling techniques needed to
utilize this assay.
Materials
•

12-well plate

•

Hollow fiber membranes

•

Lab tape

•

Double distilled water

•

Liquid media

•

Liquid bacterial stock solution

•

Pipettes and pipette tips

•

70% ethanol
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Procedures
Construction and inoculation of draped fiber well plate assay
1. Prepare 12-well plate with desired fibers to test.
2. Drape HFMs into wells so that the fiber will be submerged when media is placed
into well, but the fiber is not touching the sides or bottom of the well.
3. Tape ends of HFM. Color coordinate tape based on medium to be used in well, as
Sharpie tends to easily wear off.
4. Gently spray system with 70% EtOH, and leave under UV light in biosafety
cabinet for at least 1 hour.
5. Use previously prepared media and fill appropriate well with 3 mL.
6. Inoculate wells with 1 μL of prepared liquid bacterial culture.
7. Allow well plates to grow for desired amount of days. Incubate in a shaker
incubator at appropriate rpms and temperature for organism used. PcO6 is
incubated at 150 rpms and 22 °C.
8. Test sections of HFM with appropriate test as listed below.
CFU count on liquid media
1. Make dilutions of a solution for each different medium and plate onto agar plates
using a spot plating method.
Fiber for imaging
1. Carefully cut fiber out of well plate with razor.
2. Gently rinse fiber section in sterilized double distilled water for 15 seconds,
careful to try and only grip fiber by end to not ruin imaging surface.
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3. Repeat rinse in second water bath.
4. Place fiber on cover slip in a 60 mm x 15 mm petri dish.
5. Cover, label, and save sample for later imaging with SEM.
Fiber for CFU count
1. Carefully cut fiber out of well plate.
2. Gently rinse fiber section in sterilized water for 15 seconds, careful to try and
only grip fiber by end to not ruin surface biofilm.
3. Repeat rinse in second water bath.
4. Cut out 1 cm of the middle section of fiber.
5. Place fiber in bullet tube with 1 mL sterilized double distilled water.
6. Vortex tube for 30 sec.
7. Make dilutions of solution and plate onto agar plates using a spot plating method.
8. Check plate after 2 days, and count colonies.
8.0 Lumen-fed Root-mimetic System Construction
Procedure outline for the construction method to create RMS used in Chapter 4 of this
study. Figure A.1 depicts the final result.
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Figure A.1. Diagram of finished lumen-fed root-mimetic system

Materials:
•

UV-curable adhesive

•

Perfusion chamber or prepared PDMS cured and cut to chamber size

•

1-10 μL pipette tips

•

Hollow fiber membrane

•

Silicone tubing

•

Glass slide

•

Razor

Construction:
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1. First, slide HFM into one of the pipette tips, then carefully thread the HFM
through the small tip of the other pipette tip so that both tips are facing each other
with the HFM between them.
2. Fill the pipette tip with UV-curable adhesive. Fill tip slowly to prevent air
bubbles. Then cure adhesive with UV for 30 secs. Cut tip to appropriate thickness
to fit into silicone tubing. Cut should also be made through the cured UV
adhesive. Careful with cutting, to make sure the HFM remains open. Repeat with
second side.
3. Work silicone tubing onto the ends of the pipette tips
4. Cut perfusion chamber so that there is a channel through the chambers to the
outsides. If using PDMS, adhere chamber to glass slide using a plasma chamber:
a. Place PDMS face up on a glass slide covered in clear tape.
b. Place PDMS on glass slide and a glass slide to be used for RMS into
plasma chamber.
c. Set to high and leave on for 1 minute. Make sure chamber is glowing
purple. If not, there may be an issue with oxygen flow.
d. Remove and quickly press the side of the PDMS that is facing up onto the
RMS glass slide.
e. Allow to sit for some time or even allow to sit in a warm incubator for 1
hour.
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5. Place HFM and tips on glass slide in the arrangement desired. If using a perfusion
chamber, the chamber will be placed on the top of the HFM. If using PDMS,
place the HFM in the channel.
6. Adhere the pipette tips into the chamber and onto the glass slide using the
adhesive. Do the same with the silicone tubing ends.
7. Fill the channel between the chambers with adhesive, careful to not crush the
fiber.
8. RMS can now be flushed with media and sterilized using EtOH and the UV light
in the hood.
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APPENDIX B
MEDIA FORMULATION TABLES
Table B.1. Luria Broth (LB) Medium (ARE A)

Compound

Concentration (g/L)

Tryptone

10

Yeast extract

5

Table B.2. Minimal Medium (ARE B) and Variations

Compound

ARE Compound Concentration (g/L)
B

B(+Cit) B(+Gly) B(+Gly+Cit)

K2HPO4

10.5

10.5

10.5

10.5

KH2PO4

4.5

4.5

4.5

4.5

Na*Citrate*2H2O

0.5

1

0.5

1

1

1

1

1

0.125

0.125

0.125

(NH4)2SO4

MgSO4 Anhydrous 0.125
Sucrose

2

2

2

2

Glycine

0

0

0.37

0.37
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Table B.3. Theorized ARE media formulations with levels of nutrients similar to those in
root exudate
ARE Compound Concentration (mg/L)
Compound ARE ARE ARE
alpha beta Gamma
(α)
(β)
(γ)

ARE
Delta
(δ)

ARE
Epsilon
(ε)

ARE
Zeta
(ζ)

ARE
Eta
(η)

ARE
Theta
(θ)

ARE
Iota
(ι)

*K2HPO4

35

35

35

35

35

35

35

35

35

*KH2PO4

15

15

15

15

15

15

15

15

15

Na Citrate

10

0

50

0

10

50

0

10

50

(NH4)2SO4

100

100

100

100

100

100

100

100

100

MgSO4
Anhydrous

35

35

35

35

35

35

35

35

35

Sucrose

200

200

200

200

200

200

200

200

200

Glycine

0

0

0

10

10

10

50

50

50

* actual amounts pending based on pH of solution. Target pH for all AREs is 6.8-7.2
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Table B.4. ARE media formulations after adjusting pH to 7.0 and adding water up to full
volume of solution
ARE Compound Concentration (mg/L)
Compound ARE ARE ARE
alpha beta Gamma
(α)
(β)
(γ)

ARE
Delta
(δ)

ARE
Epsilon
(ε)

ARE
Zeta
(ζ)

ARE
Eta
(η)

ARE
Theta
(θ)

ARE
Iota
(ι)

K2HPO4

317

400

417

375

375

333

292

375

333

KH2PO4

0

0

0

0

0

0

0

0

0

Na Citrate

10

0

50

0

10

50

0

10

50

(NH4)2SO4

100

100

100

100

100

100

100

100

100

MgSO4
Anhydrous

35

35

35

35

35

35

35

35

35

Sucrose

200

200

200

200

200

200

200

200

200

Glycine

0

0

0

10

10

10

50

50

50

6.80

6.90

6.83

6.88

6.83

6.84

6.80

6.79

6.83

pH
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